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Preface

The field of metal boron chemistry has been an especially active one since
the 1960s. Much of the early work centered on the synthesis and structural
characterization of polyhedral metallaborane and metallacarborane clusters,
which will not be discussed in the current Volume. However, early work on
metal boryl complexes by N6th et al. also appeared during this period, al-
though the first simple metal boryl complexes to be structurally characterized
by single-crystal X-ray diffraction were not reported until 1990 (indeed, crystal
structures of iridium hydrido boryl complexes were reported nearly simultane-
ously by Baker, Marder, et al. [1] and by Merola et al. [2]), and this new interest
in the area arose specifically as a result of the report by N6th et al. [3] on the
rhodium-catalyzed hydroboration of alkenes using catecholborane. Although
there had been previous reports of metal-catalyzed hydroboration employing
polyhedral boranes or carboranes as the B-H source [4], the seminal paper by
Noth et al. in 1985 [3] marked the beginning of interest by the organic chem-
istry community in the application of this reaction in organic synthesis [5].
What ensued was a very rapid increase in the number of metal boryl complexes
to be synthesized and structurally characterized, along with studies of their
reactivity, in conjunction with an equally rapid growth in the development of
catalytichydroboration chemistry [5] and its asymmetric version [5e]. This was
followed by a wide variety of other borylation reactions catalyzed by transition
metals including diborations, silylborations, stannylborations, and thiabora-
tions of unsaturated organic substrates [6], borylations of «,8-unsaturated
carbonyl compounds [7], borylations of C-halide bonds [8], and most re-
cently, borylations of C-H bonds in alkenes, arenes, heteroarenes, and even
alkanes [9,10]. The C-halide and C-H borylation chemistry has been driven by
the development and broad application of the Suzuki-Miyaura cross-coupling
reaction [11], which is now one of the main C-C bond-forming reactions in the
arsenal of the organic chemist. Thus, the synthetic and structural chemistry
of metal boryl complexes has grown along with catalytic applications in which
metal boryl complexes are key intermediates.

Likewise, the importance of metal borane o-complexes as intermediates in
many catalytic reactions has only recently been recognized [12], and this area
is now a rapidly expanding one. This bonding mode is also now known for
early, middle, and late transition metals, and is expected to be found more
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often (as was the case for dihydrogen complexes) as research continues.

Metal borylene complexes are another recent addition to the library of
metal boron compounds, and these are now finding applications in organic
synthesis, initially via their role as stoichiometric borylene transfer agents in
the synthesis of borirenes from alkynes [13]. It is expected that additional
applications of newly discovered metal borylene complexes will emerge as new
routes to them are developed.

Borohydride complexes of metals, from across the periodic table, have been
known for many years, and represent the other major class of mono-boron
systems coordinated to metal centers. They can coordinate via one, two, or three
hydrogen bridges to a single metal or can bridge between two metal atoms, and
systems involving transition metals as well as lanthanides and actinides are
well known [14]. Their structures, bonding, and dynamics have been of interest
since their discovery. As the field is rather large, only mononuclear transition-
metal complexes with BH,~ ligands will be considered in the current review,
although the principles discussed also apply to systems involving RBH3™ and
R,BH,™ systems [15], for example.

Thus, this Volume brings together the main types of complexes involving
single boron units coordinated to metal centers, including examples in which
more than one of the boron ligands is involved. A word is required regarding an
even more recently developed area of metal boron chemistry involving metal-
to-boron dative bonds in complexes now known as “boratranes” [16]. These
will be discussed in a future Volume.

Finally, we note that the chapter ordering in the current Volume places
borylene complexes before boryl complexes. We have ordered the chapters
according to the degree of metal-boron bonding, from highest to lowest, rather
than following a historical perspective.

Durham and Hongkong, February 2008 Todd B. Marder
Zhenyang Lin
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Abstract Since the synthesis of the first structurally authentic examples of transition
metal complexes with bridging borylene ligands in 1995, and transition metal complexes
that feature terminally bound borylene ligands three years later, investigations into this
field of chemistry have continued steadily. Being closely related to pivotal organometallic
compounds, such as carbene, vinylidene, and especially carbonyl complexes, borylene
complexes have attracted considerable interest both from experimental and theoretical
points of view. Various methods for their preparation have been developed and ongoing
studies on their reactivity have demonstrated an exciting chemistry. In particular, the na-
ture of the metal-boron bond was subject to many structural and computational studies.
This review summarizes the chemistry of transition metal borylene complexes, highlight-
ing recent developments and emphasizing structural and electronic properties of these
species.

Keywords Boron - Borylene complexes - Coordination chemistry -
Transition metal complexes
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1
Introduction

In the course of his ground-breaking work on boron subhalides, Timms re-
ported in 1967 the preparation of fluoroborylene BF from elemental boron
and BF3 at temperatures of about 2000 °C [1,2]. In 1984, West generated
the silylborylene B-SiPhj by irradiation of (Ph3Si)sB in hydrocarbon matri-
ces at —-196 °C [3]. The borylene molecules turned out to be highly reactive
species, which could only be obtained by applying drastic conditions. They
could not be isolated as free molecules, but their formation was deduced
from the structure of the trapping products. During the past decade, how-
ever, research in the chemistry of transition metal complexes of boron [4-7]
made possible, for the first time, generating and stabilizing borylene moi-
eties in the coordination sphere of various transition metals under ambient
conditions [8-11]. Density functional theoretical studies had predicted the
thermodynamic stability of borylene complexes with respect to homolytic
dissociation of the metal-boron bond [12, 13]. The free borylene B-F is iso-
electronic to N; and CO and thus, a comparison of the calculated valence
orbital energies can be used to predict its ligating properties [14]. Generally,
these ligands possess a lone pair in a 0 HOMO with a sp lobe, convenient for o
donation into the empty dz? hybrid orbital on the metal fragment and two de-
generate w* LUMOs, accepting m-back-donation from the populated d,, and

dy, orbitals.
(o}
D) =~ @
i
AV S Y
F

M B——
I . [
T
o d =
—
Scheme 1 Principle donor-acceptor interactions in borylene complexes L,M—BF [12,15]

In the case of the experimentally realized BNR;-ligand, the symmetry
is lowered and therefore the 7* LUMOs split, yielding a MO-diagram very
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similar to the well-known vinylidene-ligand. The calculated valence orbital
energies of the o HOMO:s rise in the row N, < CO < BF < BNH;, due to the
decrease in electronegativity of the metal-binding atom, while the energies
of the 7* LUMOs are very similar, resulting in an increase of the o-donation

ability and comparable w-backdonation.

Na co BF
0_
_171:6_ 271:* 27'5*
50 - =
& 94
-5
50
50 H—
304 .H. 08
-10 ﬂ' 90
eV 50

BNH,

Fig.1 Valence orbital energy of AE systems N, CO, BF, BNH,. Below each level the

percentage of atom A character is indicated [12, 15]

As a result, the thermodynamic stability of the M—BR bond with respect
to homolytic dissociation is even higher than that of a M—CO bond, while
the high polarity and the small HOMO-LUMO gap of borylenes B-R indicate
a high reactivity towards nucleophiles and thus, a low kinetic stability. There-

L
/
LyM=—B—R LyM—B—M'Ly LLM—B
\
R
| Il 1l
LM LyM! L,(M\B
B—R B—R / ™R
LM LM LM
Vv Vi vii

Scheme 2 Schematic representation of borylene complexes

LM—B—ML,

ML

v
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fore, borylenes have to be stabilized by either electron-density releasing or
bulky substituents [12, 15].

We proposed a classification scheme [16] for transition metal borylene
complexes (Scheme 2) according to the coordination number of the boron
atom and the number of metal-boron bonds, thus defining terminal borylene
(I) complexes with boron in coordination number two as well as homodinu-
clear (V) and heterodinuclear bridging borylene complexes (VI) with boron
in coordination number three. Lewis base-adducts of both terminal (IIT) and
bridging (VIII) borylene complexes have also been realized. Furthermore,
unusual coordination modes of boron-based ligands have been reported,
including complexes with semi-bridging ligands (VII), and compounds dis-
playing a “naked”, i.e. non main group element-substituted boron atom in the
coordination sphere of two (II) or three (IV) transition metals.

2
Terminal Borylene Complexes

2.1
Aminoborylene Complexes

Indeed, the electronically promising aminoborylene-ligand was used to pre-
pare the structurally characterized terminal borylene complexes [(OC)s M=
B=N(SiMe3);] (I: M =Cr, 22 M=W) by double salt elimination reac-
tions of dianionic metal carbonylates Na;[M(CO)5] with the dihaloboranes
X,BN(SiMe3), [17,18] (Scheme 3). Both molecules are characterized by
an almost linear M-B-N moiety (M = Cr, 177.4(4)°; M =W, 177.9(5)°)
and short B-N (M = Cr, 135.3(6) pm; M =W, 133.8(8) pm) and M-B dis-
tances (M = Cr, 199.6(6) pm; M =W, 215.1(7) pm). The aminoborylene-
ligand seems to have almost no trans-influence, which is reflected by the
COeq and CO,x geometries that are equivalent within experimental error.
The bonding situation, derived from calculations on the model compound
[(OC)sCr=B=NH;] and free BNH;, was discussed by Bearends et al. [12].
Due to the similar 7* LUMO energies the authors assume a similar 7-com-
ponent as for CO. The equivalence of the B-N bond lengths in both calculated

OC\ co
tol o
Nag[M(CO)s] + (MesSi)sNBCly ouene 0C—M=—B=—N(SiMes)
—2NacCl / Z
oc Co
1,M=Cr
2 M=W

Scheme 3 Synthesis of terminal aminoborylene complexes
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molecules is explained by the strong B—Cr o-donation in the former, which
compensates the lengthening effect of M—B r-backbonding.

The spectroscopic data of the analogue complex [(OC)4Fe=B=N(SiMe3);]
(3), also obtained via salt elimination, are described in the literature [17],
but a structural characterization by X-ray diffraction is still missing. Vari-
ous theoretical calculations were performed in order to predict the structure
of this compound, leading to controversial results whether the axial [12] or
the equatorial [19, 20] isomer is a minimum on the potential energy surface.
Cowley and co-workers synthesized and structurally characterized the related
complex [(17°-CsMes)BFe(CO),] (4) [21]. The rather long Fe-B (201.0(3) pm)
bond is similar to iron boryl complexes, and thus typical for a Fe-B single
bond. The authors conclude that in 4, o-donation of the (1’ -CsMes)B-frag-
ment to the iron center is the only relevant interaction. Another model to de-
scribe the bonding situation in 4 is that of a nido-pentacarbahexaborane with
an exo-iron(tetracarbonyl)substituent that is o-bound to the apical boron
atom [22].

The reactivity of the aminoborylene complexes 1 and 2 under thermal
conditions leads to the formation of semi-bridged borylene or bis-borylene
complexes (vide infra). The photochemical transfer of the borylene ligand
is useful for the preparation of borirenes [23], turned out to be an alterna-
tive for the synthesis of 1, and was also used for the synthesis of the first
half-sandwich borylene complex [(7°-CsHs)(0C)3;V=B=N(SiMe3),] (5) [24]
(Scheme 4). In the crystal, the borylene ligand adopts the expected lin-
ear geometry (V-B-N 177.9(4)°) and the B-N bond (137.8(7) pm) is

%Y. &
\: [(15-C5He)V(CO)] <

OC—W=B=N(SiMeg), V=B=—N(SiMe),
E hv oc <\

o¢ co OoC ¢co

2 5

hv | [(OC)sCr(NMe3)]

Q
i
Q
I

B=—N(SiMe3),

Scheme 4 Photochemical transfer of the aminoborylene ligand
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comparably short as in 1 (135.3(6) pm) and 2 (133.8(8) pm). The V-B dis-
tance (195.9(6) pm) is very similar to the Cr—B distance in 1 (199.6(6) pm)
and significantly smaller than the V-C double bond distance in carbene com-
plexes of the type [(1°-CsHs)(OC);V=C(OR)R] [25]. The twist between the
planar B-N-Sil1-Si2 moiety and the plane defined by the cyclopentadienyl
centroid, vanadium and boron amounts to 12° and was exactly reproduced
by DFT calculations on 5. The horizontal arrangement of the borylene moiety
in 5 is 19 kJ mol™! higher in energy than the observed twisted conformation.
In the case of the model compound [(1°-CsHs)(OC); V=B=NH,], the ho-
rizontal orientation is found to be the minimum structure, while the vertical
arrangement is a transition state and about 9 k] mol™! higher in energy. Thus,
the twist in 5 can be explained by the more bulky Mes3Si groups.

2.2
A Highly Electronically Unsaturated Borylene Complex

The stabilization of a borylene complex with bulky substituents lacking
m-stabilizing properties was realized with the preparation of [(OC)sCr=
BSi(SiMe3)3] (6) from Na,[Cr(CO)s] and Cl,BSi(SiMes)s [26] (Scheme 5).
The highly deshielded 'B-NMR resonance (§ =204.3) and the thermal la-
bility of 6 were both attributed to the absence of w-donating substituents
at boron. The Cr-B bond (187.8(10) pm) is significantly shortened and
the Cr—Cyx (193.9(10) pm) distance elongated in comparison to 1 (Cr-B =
199.6(6) pm; Cr—C,x = 190.8(6) pm). Additionally, the Cr—C,x distance is
longer than the average Cr—Ceq value (189.4 pm). The B-Si and Si-Si distances
and the undistorted B-Si-Si angles give no evidence for hyperconjugation
and confirm the highly electronically unsaturated character of the boron
atom. These structural data and the stronger umbrella effect, reflected by the
average B—Cr—Ceq (6: 85°%; 15 88°) and Cr—Ceq—O (6: 176°; 15 179°) angles, sug-
gest a significantly enhanced Cr-B w-backbonding in 6 with respect to 1. The
structural properties of 6 were well confirmed by calculations on the model
compounds [(OC)sCr=BSiH3] and [(OC)5;Cr=BSi(SiH3)3]. For the latter one,
a Wiberg bond index of ca. 1 for the B—Cr bond and high Mulliken charges
(B: 0.80; Cr: -1.73) were obtained, indicating a strong ionic character of the
B—Cr bond. Earlier theoretical investigations on the bonding situation in

0G co SiMeg
toluene g )
i)3Si ——— OC—Cr=B—Si ., qa:
Nao[Cr(CO)s] + (Me3Si)3SiBCly — oNaCl ! i SiMes
oc Co SiMes
6

Scheme 5 Synthesis of a highly electronically unsaturated borylene complex
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transition metal complexes with group 13 diyl ligands also came to the re-
sult that a charge attraction between the negatively charged transition metal
and the positively charged group 13 element is a main cause for the high
dissociation energies of these bonds [14, 19, 27].

23
Cationic Borylene Complexes

Another successful route for the preparation of terminal borylene complexes,
established by Aldridge and co-workers, is the abstraction of halides from
asymmetric haloboryl complexes [28, 29]. The reaction of [(1°-CsMes)(OC);
Fe{B(Br)Mes}] (7) with Na[BAr4] in dichloromethane yields the cationic
borylene complex [(n’-C5Mes)Fe(CO),(BMes)] [BAr 4] (8) with precipitation
of NaBr (Scheme 6). The ''B-NMR resonance (8 = 145) is low field shifted
and the carbonyl stretching frequencies in the IR-spectrum (2055, 2013 cm™)
are shifted to higher wavenumbers, compared to the boryl complex precur-
sor 7 (8 = 113) (2006, 1961 cm™') [30]. In the solid state, 8 is characterized
by an almost linear Fe-B—C unit (178.3(6)°) and a very short Fe-B dis-
tance (179.2(8) pm), consistent with the presence of a Fe=B double bond.
The perpendicular arrangement of the mesityl fragment with respect to the
CsMes—Fe-B plane allows Fe-B r-backdonation into one of the two vacant
p-orbitals at boron, while the other orbital can be stabilized by 7 -interaction
with the aromatic mesityl substituent. This binding model is confirmed by
the significantly shortened B—C distance (149.1(10) pm) in comparison to that
in 7 (156.9(3) pm). 8 reacts readily with several anionic and neutral nucleo-
philes [29].

e .

Fe—BL + Na[BAr] Fe—B—Mes
oc” \Br — NaBr OC"‘\/
oC ocC
7 8

Scheme 6 Synthesis of a cationic borylene complex via halide abstraction

While the cationic aminoborylene complex [(n°-CsHs)Fe(CO),(BNiPr,)]
[BAY 4] (9), which shows interesting M-B bond metathesis chemistry [31],
is a colorless oil, the analogue complex [(nS-CSHs)Fe(CO)z(BNCyz)][BArf4]
(10) was structurally characterized [32]. The Fe-B bond distance (185.9(6)
pm) is longer than in 8 (179.2(8) pm), despite the more bulky CsMes-
substituent in the latter. This can be explained by the reduced r acidity of the
boron atom in 10, due to the 7= donating amino substituent. DFT-calculations
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on 10 show a significant Fe-B and B-N multiple-bond character and there-
fore 10 can be described as a B-N analogue to group 8 cationic vinylidene
complexes of the type [(17°-C5R5)ML,(=C=CR;)]".

24
Metalloborylene Complexes

All the aforementioned borylene complexes have in common that the sub-
stituent on boron is a main group element. The availability of the dichloro-
boryl complex [(1°-CsMes)(OC),Fe(BCly)] (11) [33] as a precursor, allowed
the synthesis of the first metalloborylene complexes [(OC)sCr=B-Fe(CO),
(7°-CsMes)] (12) and [(OC)4Fe=B—Fe(CO),(°-CsMes)] (13), where boron
is exclusively bound to transition metal centers [34,35] (Scheme 7). The
Cr—B-Fe (177.75(11)°) and Fe-B—Fe moieties (175.38(12)°) are near to
linearity, as expected for the sp-hybridized boron atom. The Cr-B dis-
tance of 12 (197.5(2) pm) is intermediate between those of 1 (199.6(6) pm)
and 6 (187.8(10) pm), indicating less w-bonding than in 6. The Fe-B dis-
tance (186.17(19) pm) lies between those of the cationic borylene com-
plex 8 (179.2(8) pm) [28], which displays a Fe=B double bond, and [(1°-
CsH;5)(OC),Fe(BCly)] (14: 194.2(3) pm) [36], which has the shortest re-
ported Fe-B distance in a boryl complex. This indicates at least a modest
m-component in the Fe-B bond of 12, also confirmed by theoretical and
structural studies, which suggest a noticeable 7-component in 14.

MeS Me5
&\F B“""CI Nao[M(CO),] tht &\F B-==M(CO)
“Fe— + Nap N —— WFeT—B~— n
OC.\/ \Cl —2NaCl OC.\/
ocC ocC
1 12,M=Cr,n=5

13, M=Fe,n=4

Scheme 7 Synthesis of metalloborylene complexes

2.5
Base-Stabilized Borylene Complexes

The first base-stabilized borylene complex, derived from the reaction of the
dichloroboryl complex [Os(BCl,)CI(CO)(PPhs),] (15) with 8-aminoquinol-
ine, was described by Roper et al. [37]. The reaction of the poorly soluble
compound [Os(=BNHCoHN)Cl,(CO)(PPhs),;] (16) with tetrabutylammo-
nium iodide leads to the better soluble [Os(=BNHCoHgN)CII(CO)(PPh3);]
(17) by selective substitution of the chloride trans to the borylene ligand,
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giving evidence for its high trans-influence. 17 shows one broad signal in
the !'B-NMR spectrum at § = 51.7, which is only slightly high-field shifted
with respect to that of 15 (§ = 52.5). The 3!P-NMR data suggest the exis-
tence of two isomers, which can be explained by two different orientations
of the base-stabilized borylene ligand. This assumption is further ascer-
tained by a disorder between the trans positioned Cl and CO ligands in
the crystal structure of 17. The Os-B bond (205.5(8) pm) is shorter than
in related six-coordinate osmium boryl complexes, but still longer than
expected for an Os=B double bond. This can be explained by the con-
tribution of several resonance structures with Os—B single bonds to the
overall bonding and is also found in base-stabilized silylene complexes,
wherein the metal-silicon bond distance is more typical for M-Si single
bonds [38, 39]. The B-N1 distance (157.1(10) pm) is significantly longer than
B-N2 (144.0(10) pm), but still shorter than the average of all B-N (pyridine
type) bond lengths reported in the CCSD. Despite the presence of a stabilizing
donor group, the boron center in 17 is highly electrophilic, which is reflected
by its reactivity towards ethanol, yielding the corresponding boryl complex
[0s{B(OEt)NHCoHgN}CI(CO)(PPhs),] (18).

The reaction of 15 with 2-aminopyridine yields a mixture of the amino-
(chloro)boryl complex 19a and the base-stabilized borylene complex 20a [40].
20a reacts readily with ethanol, leading to the corresponding ethoxyborylene
complex 20b, which was crystallographically characterized. 19a is stable in
boiling ethanol but reacts, in the presence of Ag[SbFs] in undried thf, to the
hydroxyboryl complex 19b (Scheme 8). The key structural parameters of 19b
and 20b are very similar, which leads to the very important conclusion that
there is only little difference in the nature of the Os—B bond in these types of
base-stabilized borylene and boryl complexes.

The reaction of the T-shaped three coordinate platinum boryl complex
trans-[(Cy3P),Pt{B(Br)Fc}] [BAY 4] (21) (Fc = ferrocenyl) with 4-methylpyri-
dine leads to the formation of trans-[(CysP),Pt(Br){B(Fc)(NCsHsMe-4)}]
(22), the first example for a cationic, base-stabilized borylene complex [41]
(Scheme 9). For both compounds, no signals could be observed in the
I1B_NMR spectrum, probably due to line-broadening as a consequence of un-
resolved coupling to the platinum and phosphorous centers. In the crystal,
the plane of the borylene ligand in 22 adopts an almost orthogonal position
(78.42(13)°) to the coordination plane of the platinum center. This is also
found in 21 and analogous systems with carbene [42] or silylene [43] lig-
ands and can be attributed to steric interactions with the bulky phosphine
ligands. The Pt-Br distance is rather long (260.57(5) pm), which is consist-
ent with the expected high trans-influence of the borylene ligand. The Pt-B
bond distance (201.4(5) pm) is only slightly longer than in 21 (196.6(4) pm)
and very similar to that of its precursor trans-[(CysP),Pt(Br){B(Br)Fc}]
(23) (199.63(34) pm) [44], comprising a four-coordinate Pt-center. This bond
elongation is probably a consequence of the increased coordination number
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Scheme 8 Tethered osmium boryl and base-stabilized borylene complexes
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Scheme 9 Synthesis of a cationic base-stabilized borylene complex

at platinum and the enhanced steric bulk at the boron center. Thus, a clas-
sification of the bonding situation in the base-stabilised borylene and the
corresponding boryl complexes solely on the basis of M—B distances is, as for
the osmium complexes 19b and 20b, somewhat ambigious.
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3
Bridging Borylene Complexes

The bridging borylene complexes (V, VI) are of some special relevance since
they represent the first structurally authentic examples for the stabilization
of the borylene ligand -BR in the coordination sphere of a transition metal.
Species where the borylene unit adopts a bridging position between two
metals represent the most numerous and well-studied class of these com-
pounds.

3.1
Homodinuclear Bridging Borylene Complexes

3.11
Synthesis and Structure

Diboranes(4) and dihaloboranes are the traditional boron source for the
synthesis of homodinuclear bridging borylene compounds. Reaction of
K[(7°-CsH4Me)Mn(CO),H] with a variety of B,R,Cl, derivatives afforded
the homodimetallic manganese compounds [(-BX){(17°-CsRs)Mn(CO); },]
(R =NR/3, tBu) (23a,b-26a,b), which represent the first series of structurally
authenticated borylene complexes (Scheme 10) [45-47].

R

Fr
& /ﬂ /N %\
\ R N\ S R
2K \\Mn—H + BQRIZCI2 \\Mn—Mrj
oc” | ~2KCl oc1 Neo
oc — 0.5 (RBHy), oc Cco
R = 5H, 4HMe 23a, R' = NMey, R = 5H

23b, R' = NMey, R = 4HMe
24, R' = N(CHy)4

25, R' = N(CHy)s

26a, R' = Bu, R = 5H

26b, R' = Bu, R = 4HMe

Scheme 10 Synthesis of bridging manganese borylene complexes

Due to the formation of two metal-boron bonds, the compounds 23a,b-
26a,b show characteristically deshielded !'B-NMR signals in solution. In the
case of aminoborylene complexes, resonances in the range of § = 100-120 are
observed. For the tert-butylborylene complex 26a an even more deshielded
signal is found at § = 170.0. The observed CO stretching frequencies of 23a,b-
26a,b are comparable to those of the related -methylene complexes [48-50]
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and support their description as dimetallaboriranes. The results of the X-ray
structure analysis of 23a show that this molecule adopts approximate C,
symmetry in the crystalline state. Both manganese atoms and boron form
an isosceles triangle with B-Mn distances of 203 (1) pm and a Mn—-Mn dis-
tance of 279.0(2) pm. The Me;N group is only slightly rotated (8°) with
respect to the Mn,B plane and the B-N distance of 139 (1) pm is character-
istic for a B=N double bond. The overall molecular structure data resemble
those of the isoelectronic vinylidene manganese complexes [51], which can
be considered as dimetallacyclopropane derivatives. It was found, that the
aminoborylene complexes 23a,b-25 display an extremely low reactivity to-
wards nucleophilic substitution at the boron center; they are practically inert
against air and water. On the basis of quantum chemical calculations it was
suggested, that this stability is either caused by steric protection or by reduc-
tion of the build-up of charge on the coordinated BR ligand. The latter should
be achieved by restoring the balance between M-BR ¢ donation and 7 back
donation, which means, in reality, by coordinating the borylene with suitable
binuclear transition metal fragments, such as [{(nS-C5R5)Mn(CO)2 1l [12].
Taking into account the distinct sensitivity to air and water of the isostruc-
tural fert-butylborylene complex 26a [63], in which the boron center is cer-
tainly more sterically protected than in 23a, we propose a different explan-
ation: the steric protection of the borylene moiety is mainly provided by
the transition metal fragment, whereas the electronic stabilization in 23a,b is
caused by an efficient 7 donation from the nitrogen to the boron atom. The
latter effect is assumed to be the main reason for the remarkable stability of
23a,b in comparison to 26a,b.

With a different approach, again based on the use of diboranes(4) and
specifically of ByHy - 2PMejs, Shimoi and Ogino succeeded in the synthesis of
[{u-BH(PMe3) }(u-CO){Co(CO)s3 }2] (27) (Scheme 11) [52].

H  PMes
%/
o C§>C___ /B\ /oo
[Con(CO)s] + BoHe-2PMes — —nXane \60—09\00
-CO /\/ =

- BH3' PMe3 oC C [e0)
O

27
Scheme 11 Synthesis of the base-stabilized bridging borylene complex 27

Fragmentation of the starting diborane-bis(trimethylphosphine) adduct
took place with the liberation of BH3 - PMe3 and the generation of the par-
ent borylene molecule BH. Stabilization of this extremely reactive species
occurred upon coordination to the two cobalt centers and to the remain-
ing PMe;s. To our knowledge, 27 is a unique example of a base-stabilized
bridging borylene compound, that exhibits a tetrahedral coordinated boron
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atom. The higher coordination number of boron is indicated by an !'B-NMR
signal at § =17.5, which is significantly high-field shifted with respect to
that of 23a,b. The solid state structure of 27 displays two Co(CO)3 moieties
symmetrically bridged by the carbonyl and borylene ligands. The Co-B bond
lengths are 211.2(9) pm and 210.8(11) pm, respectively. These are shorter
than that found in the base stabilized boryl complex [Co(CO)z(nl—dppm)(,u-
dppm - BH3)] (222.7(6) ppm) [53], but longer than those in the cobaltaborane
cluster [{(n°-CsHs)Co}3(13PPh) (3BPh)] (201.8(8)-206.5(8) pm) [54]. The
interatomic distance of 248.6(2) pm indicates the existence of a single bond
between the cobalt atoms.

The second pathway to homodimetallic bridging borylene complexes is the
reaction of a dihaloborane with anionic transition metal compoundsina1:2
ratio. According to Scheme 12, the complexes [{-BN(SiMe3); }(14-CO){(n°-
CsH4R)Fe(CO)},] (28a, R = H, 28b, R = Me) [55] and [{x-BN(SiMe3), } (-
CO){(n°-CsHs)Ru(CO)},] (29) [56] were obtained from (Me3Si),NBCl, and
Na[(n>-CsH4R)M(CO)},] (M =TFe, R =H, Me; M = Ru, R = H) with salt
elimination and loss of one carbonyl group.

MesSi . SIM93
" H
§<I>/7 y /B %
2 Na |1/| + (Measi)gNBclg R _— R
oc” “co — 2 NaCl /
-Co
R = 5H, 4HMe

28a, M=Fe, R=5H
28b, M =Fe, R =4HR
29, M=Ru

Scheme 12 Synthesis of bridging iron and ruthenium borylene complexes

The synthesis of the corresponding tmp derivative [{u-B(tmp)}(u-
CO){(n°-CsHs)Fe(CO)},] (30) by the same method was reported very re-
cently [57]. Due to the formation of two metal-boron-linkages the borylene
complexes show strongly deshielded !'B-NMR resonances (5 = 119, 28a,b;
105.9, 29; 115.3, 30). The results of an X-ray structure analysis of 28b indi-
cate a frans orientation of the MeCsHy and CO groups with respect to the
Fe,B unit. These three atoms form an isosceles triangle with Fe-B distances
of 200.7(3) pm and 200.2(3) pm, and a Fe-Fe distance of 254.8(1) pm. The
Si—N-Si plane is twisted by 53.7(1)° with respect to the to the Fe-B—Fe plane
due to steric interactions of the bulky MesSi groups with the MeCsHy lig-
ands. That leads to a weaker 7-donation from the nitrogen to the boron atom,
which is expressed in an extended B-N distance of 141.2(4) pm. As in the
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case of the abovementioned iron species, the vast majority of homodinuclear
borylene compounds show a metal-metal bond and/or a second bridging lig-
and (especially CO) supporting the borylene bridge. The first complex with
an unsupported borylene ligand [(1.-BMes){(n°-CsHs)Fe(CO); },] (31) was
reported by Aldridge in 2002 [58]. This compound was afforded by the re-
action of the boryl complex [(17°-CsHs)Fe(CO);BBrMes] with an excess of
Na[(17°-C5Hs)Fe(CO);] (Scheme 13).

Me Me

Me

@ Excess

Na[(C5H5)Fe (CO)2. ocC, B

Fe_B — —nemr S \ / N

—NaBr Fe Fe.

o' , NN

co oc S co

31 32

Scheme 13 Synthesis of a bridging borylene complex with an unsupported borylene lig-
and and photolytic conversion to the corresponding supported derivative

IR data for 31 indicate exclusively the presence of terminally bound car-
bonyl ligands. This finding is confirmed by the results of an X-ray structure
determination. The Fe—Fe distance (380.2(10) pm) is too long for the pres-
ence of a covalent bond between the two metal centers and the Fe-B—Fe angle
(130.8(5)°) is significantly wider than usually found in bridging borylene
complexes featuring a MBM metallacycle, since the abovementioned com-
plexes 23a, 27 and 28b show MBM angles in the range of 75-90°. The Fe-B
bonds of 31 (209.0(10) pm, 209.1(10) pm) are considerably longer than those
found in 28b due to increased steric crowding at boron. The long Fe-B bonds,
together with carbonyl stretching frequencies (2010 and 1949 cm™!) which
are very similar to those reported for [(17°-CsH5)Fe(CO),CH3] (2010 and
1958 cm™!) [59] indicate the absence of a noteworthy 7 stabilization of the
boron center through Fe-B backbonding. Photolysis of 31 results in the loss
of one CO ligand and the formation of complex 32 [30] (Scheme 13). IR and
crystallographic data confirm the bridging geometry with an Fe-Fe distance
of 252.8(1) pm being similar to that found in 28b (254.8(1) pm). 32 is formed
exclusively as a single isomer with a trans orientation of cyclopentadienyl
ligands. This geometry allows a sterically favourable coplanar orientation of
both cyclopentadienyl ligands and the mesityl group.

Photochemically induced borylene transfer has already been discussed as
avaluable synthetic method for the generation of terminal borylene complexes
not accessible through salt elimination reactions (vide supra). Photolysis of
[(CO)sW=BN(SiMes),] (2) in the presence of [(n°-CsHs)Re(CO)3] yielded the
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Scheme 14 Photolytic synthesis of the bridging borylene rhenium complex 33

bridging borylene complex [(1.-BN(SiMes ),){(17°-CsRs5)Re(CO); }2] (33) as the
only boron containing species [18] (Scheme 14).

The structure of 33 derives from multinuclear NMR, IR and MS data since
no X-ray structure determination could be carried out. All attempts to syn-
thesize 33 via the same salt elimination route which leads to 28a,b failed
(Braunschweig H, Colling M, unpublished results). To our knowledge 33 rep-
resents the only example of a bridged borylene complex afforded by photo-
lytic borylene transfer. Furthermore, transfer reactions of a borylene ligand
from a bridged coordination mode to a transition metal fragment forming
another bridging borylene complex or a terminal borylene complex have not
been reported yet.

3.1.2
Reactivity

It has been found that the aminoborylene complexes 23a,b-25 display ex-
tremely low reactivity towards nucleophilic substitution at the boron cen-
ter. Consequently, they show high stability against both air and moisture
for long periods (vide supra). Treatment of 23b with an excess of HCI,
however, provided the corresponding chloroborylene complex [(1-BCl){ (-
CsH4Me)Mn(CO);, },] (34). The weakly 7-stabilized complex 34 undergoes
a number of substitution reactions at the boron center with protic reagents
(Scheme 15) [46, 60]. Reaction of 34 with pyridine in the presence of H[BF4]
results in the formation of the aminoborylene complex 41 via formal
1,4-hydroboration of pyridine [61, 62].

The Mn,B metallacycle remained unchanged during all these reactions,
whereas treatment of 23a,b with powerful halogenating agents such as I, or
SbFs led to decomposition (Braunschweig H, Colling M, unpublished results).

The tert-butylborylene complex 26a,b, which still represents the only
example of an alkylborylene complex, displays a significantly different
reactivity compared to its amino-stabilized counterpart 23a,b. 26a,b de-
composes quickly when it is exposed to air or moisture and a compara-
ble substitution chemistry to that of 23a,b (via 34) cannot be realized.
23a,b proved to be unreactive towards [Pd(PCys3);], whereas 26b underwent
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Scheme 15 Synthesis and reactivity of the chloroborylene complex 34

a clean, albeit slow reaction with this highly unsaturated transition metal
complex to form the unprecedented trimetallic species [(u3-BtBu){{(n’-
CsH4Me)Mn(CO), }{Pd(PCy3)2} }] (42) [63] (Scheme 16).

|tBu
/ﬂ \ _ [Pd(PCyall  pg— >Pd + CyP—mi
Mnan PCyS \ / \CO Me
OGN -CO co
26b Q\Me
42

Scheme 16 Reaction of the bridging borylene complex 26b with [Pd(PCys3);]

The reaction was complete after three weeks, and no additional signals of
further byproducts were detected by multinuclear NMR monitoring. Com-
pound 42 can be viewed as the first example of a hetero-metallic u3-borylene
complex. According to the results of a crystal structure determination 42 con-
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sists of a MnPd; isosceles triangle (bond lengths: Mn-Pdl 264.26(10) pm,
Mn-Pd2 264.58(10) pm, Pd1-Pd2 284.23(7) pm) which is capped by the pu3-
borylene ligand. A formal electron count (each of the fragments {¢BuB},
{PdPCy3}, and {(°-CsHsMe)Mn(CO),} contributes two electrons to the
cluster framework) is in agreement with a hypercloso metallaborane (a clus-
ter that is two electrons short of a closo species). An alternative description
bases on a more localized bonding picture. Natural bond orbital (NBO) calcu-
lations indicate a strong covalent Mn—B bond and weaker Pd-B interactions,
while the Pd—Pd interactions are almost nonexistent. The latter result reflects
the long distance between the two palladium atoms. The localized description
is supported by the results of electron localization function (ELF) calcula-
tions, which revealed two fused basins representing two (3¢, 2e) Mn—-B-Pd
bonds, whereas electron density over a triangular face of the {BMnPd,} core
indicative of a typical cluster, was not found.

The photochemistry of bridging borylene complexes differs significantly
from that of their terminal counterparts. The aminoborylene complex 23a,b
proved to be entirely unreactive under photolytic conditions, which is in
sharp contrast to the terminal aminoborylene complexes 1 and 2. The
chloro derivative 34, however, yielded upon irradiation in the presence of
a CO donor (i.e. M(CO)g, M = Cr, Mo, W) the dimetalla-nido-tetraborane
[B,ClL{(17°-CsR5)Mn(CO); },] (43) as shown in Scheme 17 [64]. The reaction
provides a direct synthetic link between electron-precise borylene complexes
and electron-deficient metallaboranes.

(|3' Me/é\M ..CO
hv n
B NN O, " 1N
ﬂ /\ M(CO)s ol J  Teo
Mri—Mn 0.5 B

Me B

Me
R - M = Cr, Mo, W (0]
oc { Voo Mo, e
oc co Y o
34 %
43

Scheme 17 Photolytic generation of [B,CLy{(7°-CsRs)Mn(CO), }2] (43)

3.2
Heterodinuclear Bridging Borylene Complexes

All attempts at preparing heterodinuclear bridging borylene compounds
from dihaloboranes, by sequential salt elimination steps with anionic com-
plexes of different transition metals, proved unsuccessful. In most cases, the
haloboryl complex simply does not react with a second equivalent of a metal-
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late, regardless if it contains the same or a different transition metal. Instead,
in a smaller number of reactions a substitution of the first transition metal
fragment, than of the second halide atom is observed, due to the kinetic
lability of the boron-metal bond. That leads to decomposition of both the
boryl complex and the second metallate and usually occurs, when the sec-
ond nucleophile is significantly stronger than the first one (Braunschweig
H, Kollann C, Rais D, Seeler F, unpublished results). Following a differ-
ent strategy, however, the mixed iron-palladium borylene compounds [(u-
BX)(u-CO){(n°-CsMes)Fe(CO) }{(CysP)Pd(Br)}] [X = Br, 44a; X = Fc, 44b]
could recently be synthesized. To access these compounds, the oxidative add-
ition reaction of B-Br bonds to low-valent transition metal complexes was
employed. Specifically, upon reaction of the recently isolated bromoboryl
complexes [(1°-CsMes)Fe(CO),{B(Br)X}] (X = Br [44]; X = Fc [65]) with
[Pd(PCys),], oxidative addition of a B-Br bond to the electron rich palladium
center occurred, with liberation of one bulky PCy3 ligand and formation of
the desired heterodinuclear bridging borylene complexes (Scheme 18) [65].
The ' B-NMR signals of 44a and 44b, § = 136 and 118, respectively, reflect the
bridging coordination mode of the bromo- and ferrocenylborylene ligands,
displaying the expected low-field shift of the resonance that usually results
from an increased number of metal-boron bonds.

; B
Mes oc g '

B+ [Pd(PCysal < —PCys

Fc

Mes
55 |
X =Br, Fc &\ B\ /Br

Fé—Pd
EEAVARN
oc § POy

44b
Scheme 18 Synthesis of the heterodinuclear bridging borylene complexes 44a and 44b

An X-ray structural determination of the ferrocenylborylene complex
44b was performed and revealed a ferrocenylborylene group that bridges,
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together with a CO ligand, the metal centers of the [(17°-C5Mes)Fe(CO)]
and [(CysP)Pd(Br)] complex fragments. The Fe-B distance is very short
(190.3(3) pm); it is, in particular, shorter than that found in the bromoboryl
precursor [(1°-CsMes)Fe(CO),{B(Br)Fc}] (198.5(3) pm) [44]. The Fe-Pd
bond distance (256.84(5) pm) is within the range of those reported for het-
erodinuclear compounds containing Fe—Pd linkages [66], whereas the Pd-B
bond (209.0(3) pm) is longer than the ones reported for the two structurally
characterized complexes (200.6(9) pm, 207.7(6) pm) that feature bonds be-
tween Pd and a three-coordinate boron atom [67,68]. The strong trans
influence of the borylene ligand is reflected by the long bond between pal-
ladium and the phosphorus atom of the PCy; ligand (242.97(7) pm). The
ferrocenylborylene and bromide ligands are in mutual cis disposition. This
unexpected arrangement is likely caused by severe steric constraints imposed
by the bulky tricyclohexylphosphine and ferrocenyl ligands. In contrast to
that, the expected trans orientation of the bromide ligands at boron and at
palladium in complex 44a was proven by the results of > P-NMR experiments.

3.3
Metalloborylenes Stabilized by a Transition Metal Base

Molecular systems, such as the heterodinuclear bridging borylene complexes
44a and 44b just described, comprise two different transition-metal-ligand
fragments linked by boron centers that feature a decreasing number of main
group element substituents. The possibility of saturating the three classical
valencies of boron by linking the boron center to three transition-metal-
ligand fragments was recently explored and demonstrated by the full char-
acterization of [(n5-C5Me5)(OC)Fe(,u-CO)M(PCy3)(M-Br)Pt(PCy3)Br(;L3-B)]
(M = Pd, 46; M = Pt, 47), featuring the unprecedented coordination of boron
to three transition metals [69]. As a starting material for the buildup of the
trimetallic systems, the heterodinuclear bridging bromoborylene complex
[(u-BBr)(u-CO){(17°-CsMes)Fe(CO) }{(Cy3P)Pt(Br)}] (45) was synthesized.
45 represents a platinum analogue of complex 44a, with an increased sta-
bility in solution. That increased stability provides a clean reaction of the
-BBr moiety with [M(PCy3),] (M = Pd, Pt), producing the new compounds
[(17°-CsMes)(OC)Fe(u-CO)M(PCy3)(u-Br)Pt(PCys)Br(us-B)] (M =Pd, 46;
M = Pt?, 47) and loss of one equivalent of PCys (Scheme 19).

In solution, 46 and 47 show broad singlets at § = 144 and 130, respec-
tively, in the 'B-NMR spectra. Both signals are low-field shifted with
respect to that of the precursor 45 (§ = 108), in agreement with the in-
creased number of metal-boron bonds in the products. Accordingly, the
3IP_NMR spectra of the two compounds display two resonances, at § = 31.9
and 32.5 (1J(Pt,P) = 4559 Hz) for 46, and at § = 31.1 (}J(Pt,P) = 4703 Hz)
and 57.3 (1J(Pt,P) = 4626 Hz) for 47. The solid state structures of 46 and
47 display a boron atom coordinated by three transition metal atoms,
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Scheme 19 Synthesis of the transition metal base-stabilized metallaborylene complexes 46
and 47

with short Fe-B (46, 191.0(4) pm; 47, 190.3(4) pm) and Pt!-B distances
(46, 192.3(4) pm; 47, 193.8(4) pm). Instead of the expected trigonal pla-
nar geometry around a formally sp?-hybridized boron center, the structures
are characterized by a nearly linear arrangement of the iron, boron, and
platinum atoms (Fe-B-Pt! = 168.7(2)°, 46; 167.1(2)°, 47), indicating formal
sp-hybridization at boron. The iron and platinum disposition around boron is
reminiscent of the structures of the metalloborylene complexes [(12-B){(1’-
CsMes)Fe(CO), }{Cr(CO)s }] (10) (Fe-B—Cr = 177.75(11)°) and [(u2-B){(n°-
CsMes)Fe(CO), }{Fe(CO)4}] (11) (Fe-B-Fe =175.38(12)°) (Sect.2.4), ac-
companied, in 46 and 47, by an additional boron-metal interaction. In-
deed, a [M(PCys3)]-complex fragment (M = Pd, 46; M = Pt, 47) approaches
the central Fe-B-Pt core, resulting in long Pd-B (215.0(4) pm) and Pt’>-B
(215.8(4) pm) linkages, supported by bridging carbonyl and bromide ligands
to the outer transition metals. The final description of 46 and 47 as metallo-
borylenes of the type Fe-B=Pt, stabilized by interactions with a transition
metal base of the type [M(PCys)] (M = Pd, Pt), is supported by the results
of theoretical calculations (DFT at B3LYP level) performed on the hypothet-
ical metalloborylene complex [(i42-B){(°-CsHs)Fe(CO), }{PdBr,(PMes)}],
which served as a model system for compound 46 [69]. The dz-type HOMO
of the [Pd(PMes)] fragment, pointing along the Pd-P bond, can interact
with six unoccupied orbitals of the hypothetical metalloborylene molecule
[(n°-CsHs)(CO),Fe-B=PtBr,(PMes)], partially localized on the Lewis acidic
boron atom. Electron localization function (ELF) calculations on the hypo-
thetical borylene complex [(17°-C5H5)(CO),Fe-B=PtBr,(PMe3)] show the
presence of a ring attractor between the platinum and the boron atoms,
which indicates a partial triple bond character of the B-Pt bond. Addition of
a [Pd(PMe3)] moiety converts the ring attractor into a point attractor. The
basin of the B-Fe bond is now stretched to include the palladium center,
effectively representing a three-center two electron (3¢, 2e) Fe-B—Pd bond.
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34
Semi-Bridging Borylene Complexes

A number of theoretical studies have attempted to clarify the characteristic
features of the transition metal-boron linkage in borylene complexes [11-14].
As a result, pronounced similarities between the borylene ligand BR and
carbon monoxide CO have emerged, with respect to their ability to bind
synergistically to transition metals [70,71]. Such similarities, predicted at
theoretical level, have gradually found experimental confirmation. The rich
coordination chemistry of the carbonyl ligand, with terminal, symmetri-
cally bridging, semi-bridging, and triply bridging coordination modes, finds
now parallels in borylene chemistry. As already mentioned, symmetrically
bridging borylene complexes represent the most numerous and well-studied
class of borylene compounds. Appropriate synthetic routes to their termi-
nal counterparts were subsequently developed, and cluster compounds of
cobalt and ruthenium that feature triply bridging borylene ligands are known
(Sect. 3.6). Compounds that feature semi-bridging borylene ligands repre-
sent the most recent accomplishment. The terminal borylene complexes
[(OC)sM=B=N(SiMe3),;] (M = Cr, 1; W, 2) react cleanly with [Pd(PCy3);]
at room temperature, leading to formation of the semi-bridging borylene
compounds, [{u-BN(SiMe3); }(i1-CO){M(CO)4}{Pd(PCy3)}] (M = Cr, 48;
M =W, 49), respectively (Scheme 20) [72].

Megsi. SiMe3
J
ocC co QO B
0C—M=B=N(SMego + [PdPCyss — = O Pd—PCy
4 3)2 Y3)2 —PCys OC/l \C/ 3
oc Co CO \\
(0]
1: M=Cr 48: M = Cr
2M=W 49: M =W

Scheme 20 Synthesis of the semi-bridging borylene complexes 48 and 49

The 'B-NMR data show downfield-shifted resonances at § = 100 ppm for
48 and § = 97 ppm for 49 (cf. § = 92 ppm for 1 and § = 86 ppm for 2), suggest-
ing the formation of additional boron-metal linkages. The exact connectivity
of the atoms within 48 was determined by performing a single crystal X-ray
diffraction analysis. The structural data revealed a virtually orthogonal orien-
tation of the bis(trimethylsilyl)amino substituent at boron with respect to
the plane containing the two transition metals and boron (angle between the
planes: 85.8°). Such a disposition differs significantly from those observed
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in previously reported homodimetallic bridging borylene complexes, e.g.
[(14-BNMe;){ (°-CsHs)Mn(CO), }] [45,46] and [{e-BN(SiMes); }(t-CO)
{(n5 -CsHsMe)Fe(CO)},] [55], for which the structural parameters are in
agreement with the presence of a formally sp?-hybridized boron atom. Assum-
ing the same hybridization of the boron atom in 48, the orthogonal disposition
of the amino substituent would rule out any effective N-B w-donation, and
should result in considerable elongation of the N-B bond distance. How-
ever, despite the increased coordination number at boron, the B-N bond
distance (137.7(2) pm) is only slightly longer than that observed in the termi-
nal borylene complex 1 (135.3(6) pm), thus indicating significant double bond
character of the B-N linkage. The bonding interactions that characterize 48
can be rationalized on the basis of the aforementioned analogy between bo-
rylene and carbon monoxide. More precisely, donation of electron density by
the electronically saturated chromium or tungsten complexes 1 or 2 into the
7*-orbitals of the carbonyl and borylene units results in CO and B=N(SiMe3);
forming a pair of non-compensating semi-bridging ligands. This is indicated
by the relevant angular values (Pd—Cr—C(O): 54.2°, Cr—C-0: 165.5°; Pd—Cr—B:
49.8°, Cr—-B—N: 152.3°), which are in accordance with the classification scheme
for semi-bridging carbonyl ligands developed by Crabtree [73]. Compounds
48 and 49 can be viewed as the products of partial transfer of the borylene
moiety BN(SiMe3 ), from the group 6 metals to palladium. A complete transfer
under a variety of conditions has not been realized yet (Braunschweig H, Rais
D, Uttinger K, unpublished results).

3.5
Bis(borylene) Complexes

Until very recently, the formation of the semi-bridging borylene com-
pounds 48 and 49 represented the only instance of clean thermal, i.e., non-
photolytic, reactivity of the terminal borylene complexes 1 and 2. Interest-
ingly, however, an unprecedented metal-to-metal borylene transfer occurred
from [(OC)sM=BN(SiMe3),] M =Cr, 1; M=W, 2) to [RhCI(CO);], at
room temperature, yielding the tetranuclear bis(borylene) complex [Rhy{ -
BN(SiMes); }2Cly(1£-CO)(CO)4] (50) (Scheme 21) [74].

N(SiMes)»
o6 co 4
[ oc  Cl B o co
0C—N=B=N(SMez); + [ANCICO) th/ \Rh(\ha/ el
—M=—B— 3)2 +
2 /N NN\
oc Co ocC cl |E|3 cl co
N(SiMe3)2
1:. M=Cr
22 M=W 50

Scheme 21 Synthesis of the tetranuclear bis(borylene) complex 50
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As revealed by an X-ray diffraction study, the core of the molecule is com-
posed by a chain of four rhodium atoms, with the internal metal centers
bridged by two borylene moieties and a carbonyl ligand. The distance be-
tween the two central rhodium atoms is short (Rh!-Rh? = 257.86(3) pm) and
comparable to analogous distances found in dinuclear complexes in which
the rhodium atoms are bridged by three carbonyl ligands [75]. The pres-
ence of a Rh—Rh bond may be assumed, as the formal electron count of
each rhodium atom is odd. The distances between the central and the termi-
nal rhodium atoms, Rh!'-Rh3 (304.15(4) pm and Rh2-Rh* (304.72(4) pm) are
significantly longer than the Rh!-Rh? distance. Surprisingly, the 1'B-NMR
signal of compound 50 is found at § = 74, and is unusually high-field shifted
with respect to that of the starting materials (§ =92, 1; § = 86, 2), contrar-
ily to what could have been expected on account of the increased number of
metal-boron bonds in the product (vide supra).

3.6
Triply Bridging Borylene Complexes

All aforementioned borylene complexes have in common that the bonding
situation between the boron atom and the metal atom(s) is adequately de-
scribed by electron precise 2c-2e bonds, although the description of the
bonding situations of 42, 46, and 47 is worth of further investigations. An
extension of the analogy between CO and BR to the triply bridging coor-
dination mode requires a more delocalized bonding picture. The first re-
ported compounds with a w3-BR moiety [{(°-CsHs)Co}s(us-BPh)PPh)]
(51) [76] and [{(1°-CsMes)Ru}3(113-BH)3Hs] (52) [77] have been classified as
metal-rich metallaboranes, referring to the electron-deficient nature of these
cluster compounds. New examples of ruthenium clusters that feature triply
bridging borylene ligands were recently reported. Reaction of the cationic
polyhydride triruthenium cluster [{(u-H)s(1°-CsMes)Ru}3]X (X = BFy, PFe)
with an equimolar amount of Na[BRH3] (R = H, CN) resulted in the exclusive
formation of the neutral species [{(n°-CsMes)Ru}3(u-H)3(u3-BR)] (R =H,
53a; R = CN, 53b) (Scheme 22) [78].
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53a:R=H 53c: R'= Me
53b: R=CN 53d: R'= Et

Scheme 22 Synthesis of ruthenium clusters featuring triply bridging borylene ligands
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The 'B-NMR resonances (§ = 131, 53a; 117 53b) are comparable to sig-
nals found for p;-borylene complexes (vide supra). Treatment of 53a with
methanol or ethanol afforded the corresponding triply bridging alkoxybo-
rylene clusters [{(n°-CsMes)Ru}s(u-H)s(u3-BOR')] (R’ = Me, 53c; R’ = Et,
53d). The 'B-NMR signals (§ = 78, 53c; 88 53d) are high field shifted with re-
spect to the starting material due to w-donation from oxygen to boron, but
the resonances are still at a much lower field than expected for compounds
featuring a four-coordinated boron atom. The structure of 53d was confirmed
by the results of an X-ray diffraction analysis. The three ruthenium atoms
form an equilateral triangle (with an average Ru—Ru distance of 267.7 pm),
which is capped by an p3-borylene ligand. While the average B-Ru distance
(215.4 pm) is in the usual range for B-Ru single bonds, the significantly short
Ru-Ru distances reflect the unsaturated nature of the cluster.

4
Addendum

Since August 2006 the following relevant contributions have been published:

e Synthesis and Reactivity of Semi-bridging Borylene Complexes [79];

e Cationic Terminal Borylene Complexes: Interconversion of Amino and
Alkoxy Borylenes by an Unprecedented Meerwein-Ponndorf Hydride
Transfer [80];

e A single bonded cationic terminal borylene complex [81];

e BN-Analogues of Vinylidene Transition Metals Complexes: The Borylni-
trene Isomer [82];

e Aminoborylene Complexes of Group 6 Elements and Iron: A Synthetic,
Structural and Quantum Chemical Study [83];

e Synthesis and Structure of a Cationic Platinum Borylene Complex [84];

e Synthesis and Electronic Structure of a Ferroborirene [85];

e Stepwise Intermetal Borylene Transfer: Synthesis and Structure of Mono-
and Dinuclear Cobalt Borylene Complexes [86];

e Synthesis and Characterization of Semi-Bridging Molybdenum Borylene
Complexes [87];

e Synthesis and Electronic Structure of a Terminal Alkylborylene Com-
plex [88];

e Synthesis and Structure of Bridged Haloborylene Complexes [89];

e Borylene Metathesis via [2+2]Cycloaddition [90];

e Cationic Terminal Aminoborylene Complexes: Controlled Stepwise Inser-
tion into M=B and B=N Double Bonds [91];

e Insertion reactions of dicyclohexylcarbodiimide with amino-boranes,
-boryls and -borylenes [92];



Transition Metal Borylene Complexes 25

References

U W N

[o =B o)

14.
15.
16.
17.
18.

19.
20.
21.
22.

23.
24.
25.
26.

27.
28.
29.

30.
31.
32.

33.
34.

35.
36.
37.

38.

. Timms PL (1967) ] Am Chem Soc 89:1629

. Timms PL (1973) Acc Chem Res 6:118

. Pachaly B, West R (1984) Angew Chem Int Ed 23:454

. Braunschweig H (1998) Angew Chem Int Ed 37:1786

. Irvine GJ, Lesley MJG, Marder TB, Norman NC, Rice CR, Robins GR, Roper WR,

Whittell GR, Wright L] (1998) Chem Rev 98:2685

. Braunschweig H, Colling M (2001) Coord Chem Rev 223:1

. Aldridge S, Coombs DL (2004) Coord Chem Rev 248:535

. Braunschweig H, Colling M (2000) ] Organomet Chem 614/615:18
. Braunschweig H, Colling M (2003) Eur J Inorg Chem 393

. Braunschweig H, Rais D (2005) Heteroatom Chem 16:566

11.
12.
13.

Braunschweig H (2004) Adv Organomet Chem 51:163

Ehlers AW, Baerends EJ, Bickelhaupt FM, Radius U (1998) Chem Eur J 4:210

Radius U, Bickelhaupt FM, Ehlers AW, Goldberg N, Hoffmann R (1998) Inorg Chem
37:1080

Macdonald CLB, Cowley AH (1999) ] Am Chem Soc 121:12113

Boehme C, Uddin J, Frenking G (2000) Coord Chem Rev 197:249

Braunschweig H, Kollann C, Rais D (2006) Angew Chem Int Ed 45:5254
Braunschweig H, Kollann C, Englert U (1998) Angew Chem Int Ed 37:3179
Braunschweig H, Colling M, Kollann C, Stammler HG, Neumann B (2001) Angew
Chem Int Ed 40:2298

Uddin ], Boehme C, Frenking G (2000) Organometallics 19:571

Chen Y, Frenking G (2001) ] Chem Soc Dalton Trans 434

Cowley AH, Lomeli V, Voigt A (1998) ] Am Chem Soc 120:6401

Greiwe P, Bethduser A, Pritzkow H, Kiihler T, Jutzi P, Siebert W (2000) Eur J Inorg
Chem 9:1927

Braunschweig H, Herbst T, Rais D, Seeler F (2005) Angew Chem Int Ed 45:7461
Braunschweig H, Colling M, Hu C, Radacki K (2003) Angew Chem Int Ed 42:205
Erker G, Pfaff R, Kriiger C, Werner S (1991) Organometallics 10:3559

Braunschweig H, Colling M, Kollann C, Merz K, Radacki K (2001) Angew Chem Int
Ed 40:4198

Uddin J, Frenking G (2001) ] Am Chem Soc 123:1683

Coombs DL, Aldridge S, Jones C, Willock DJ (2003) ] Am Chem Soc 125:6356
Coombs DL, Aldridge S, Rossin A, Jones C, Willock DJ (2004) Organometallics
23:2911

Coombs DL, Aldridge S, Jones C (2002) J Chem Soc Dalton Trans 20:3851

Kays DL, Day JK, Ooi LL, Aldridge S (2005) Angew Chem Int Ed 44:7457

Aldridge S, Jones C, Gans-Eichler T, Stasch A, Kays DL, Coombs ND, Willock DJ
(2006) Angew Chem Int Ed 45:6118

Braunschweig H, Radacki K, Seeler F, Whittell GR (2006) Organometallics 24:4605
Braunschweig H, Radacki K, Scheschkewitz D, Whittell GR (2005) Angew Chem Int
Ed 44:1658

Braunschweig H, Whittell GR (2005) Chem Eur J 11:6128

Braunschweig H, Radacki K, Seeler F, Whittell GR (2004) Organometallics 23:4178
Irvine GE, Rickard CEF, Roper WR, Williamson A, Wright L] (2000) Angew Chem Int
Ed 39:948

Tilley TD (1991) In: Patai S, Rappoport Z (eds) The Silicon-Heteroatom Bond, chaps 9
and 10. Wiley, New York



26

39.
40.
41.

42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.

54.
55.
56.
57.
58.
59.
60.
61.
62.
63.

64.
65.

66.

67.

68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.

79.
80.

H. Braunschweig et al.

Grumbine SK, Straus DA, Tilley TD, Rheingold AL (1995) Polyhedron 14:127
Rickard CEFE, Roper WR, Williamson A, Wright LJ (2002) Organometallics 21:4862
Braunschweig H, Radacki K, Rais D, Scheschkewitz D (2005) Angew Chem Int Ed
44:5651

Schubert U (1984) Coord Chem Rev 55:261

Grumbine SK, Tilley TD (1993) ] Am Chem Soc 115:7884

Braunschweig H, Radacki K, Rais D, Seeler F (2004) Organometallics 23:5545
Braunschweig H, Wagner T (1995) Angew Chem Int Ed 34:825

Braunschweig H, Ganter B (1997) J Organomet Chem 545:163

Braunschweig H, Koster M (1999) J Organomet Chem 588:231

Hermann WA, Reiter B, Biersack H (1975) ] Organomet Chem 97:245

Creswick M, Bernal I, Hermann WA (1979) ] Organomet Chem 172:C39

Hermann WA (1982) Adv Organomet Chem 20:159

Folting K, Huffman JC, Lewis LN, Caulton KG (1979) Inorg Chem 18:3483

Shimoi M, Ikubo S, Kawano Y (1998) ] Am Chem Soc 120:4222

Elliot DJ, Levy CJ, Puddephatt R], Holah DG, Hughes AN, Magnuson VR, Moser IM
(1990) Inorg Chem 29:5014

Feilong ], Fehlner TP, Rheingold AL (1988) Angew Chem Int Ed 27:424
Braunschweig H, Kollann C, Englert U (1998) Eur ] Inorg Chem 465

Braunschweig H, Kollann C, Klinkhammer KW (1999) Eur J Inorg Chem 1523

Kays DL, Rossin A, Day JK, Ooi LL, Aldridge S (2006) Dalton 399

Aldrigde S, Coombs DL, Jones C (2002) Chem Commun 856

Pannell K, Wu CC, Long GJ (1980) J Organomet Chem 193:359

Braunschweig H, Miiller M (1997) Chem Ber 130:1295

Braunschweig H, Colling M, Hu C (2003) Inorg Chem 42:941

Braunschweig H, Colling M, Hu C, Radacki K (2004) Inorg Chim Acta 357:1822
Braunschweig H, Burschka C, Burzler M, Metz S, Radacki K (2006) Angew Chem Int
Ed 45:4352

Braunschweig H, Colling M, Hu C, Radacki K (2002) Angew Chem Int Ed 39:1415
Braunschweig H, Radacki K, Rais D, Seeler E Uttinger K (2005) ] Am Chem Soc
127:1386

Braunstein P, Durand J, Morise X, Tiripicchio A, Ugozzoli F (2000) Organometallics
19:444

Onozawa SY, Hatanaka Y, Sakakura T, Shimada S, Tanaka M (1996) Organometallics
15:5450

Onozawa SY, Tanaka M (2001) Organometallics 20:2956

Braunschweig H, Radacki K, Rais D, Seeler F (2006) Angew Chem Int Ed 45:1066
Barr RD, Marder TB, Orpen AG, Williams ID (1984) ] Chem Soc Chem Commun 112
Werner H (1990) Angew Chem Int Ed 29:1077

Braunschweig H, Rais D, Uttinger K (2005) Angew Chem Int Ed 44:3763

Crabtree RH, Lavin M (1986) Inorg Chem 25:805

Braunschweig H, Forster M, Radacki K (2006) Angew Chem 45:2132

Heaton BT, Jacob C, Sampanthar JT (1998) J Chem Soc Dalton Trans 1403

Feilong ], Fehlner TP, Rheingold AL (1988) Angew Chem Int Ed 27:424

Lei X, Shang M, Fehlner TP (1998) Inorg Chem 37:3900

Okamura R, Tada K, Matsubara K, Oshima M, Suzuki H (2001) Organometallics
20:4772

Braunschweig H, Radacki K, Rais D, Uttinger K (2006) Organometallics 25:5159
Kays DL, Day JK, Aldridge S, Harrington RW, Clegg W (2006) Angew Chem Int Ed
45:3513



Transition Metal Borylene Complexes 27

81.
82.
83.

84.
85.

86.

87.
88.

89.
90.
91.

92.

Vidovic D, Findlater M, Reeske G, Cowley AH (2006) Chem Commun 3786

Bettinger HF (2007) Inorg Chem 46:5188

Blank B, Braunschweig H, Colling-Hendelkens M, Kollann C, Radacki K, Rais D, Ut-
tinger K, Whittell GR (2007) Chem Eur ] 13:4770

Braunschweig H, Radacki K, Uttinger K (2007) Angew Chem Int Ed 46:3979
Braunschweig H, Frenking G, Radacki K, Seeler F, Ferndndez I (2007) Angew Chem
Int Ed 46:5215

Braunschweig H, Forster M, Radacki K, Seeler F, Whittell GR (2007) Angew Chem Int
Ed 46:5212

Braunschweig H, Radacki K, Uttinger K (2007) Eur J Inorg Chem 27:4350
Braunschweig H, Burzler M, Kupfer T, Radacki K, Seeler F (2007) Angew Chem Int Ed
46:7785

Bissinger P, Braunschweig H, Seeler F (2007) Organometallics 26:4700

Braunschweig H, Burzler M, Radacki K, Seeler F (2007) Angew Chem Int Ed 46:8071
Pierce GA, Aldridge S, Jones C, Gans-Eichler T, Stasch A, Coombs ND, Willock DJ
(2007) Angew Chem Int Ed 46:2043

Pierce GA, Coombs ND, Willock DJ, Day JK, Stasch A, Aldridge S (2007) Dalton Trans
4405



Struct Bond (2008) 130: 29-122
DOI 10.1007/430_2007_079

© Springer-Verlag Berlin Heidelberg
Published online: 7 February 2008

Transition Metal Boryl Complexes

Deborah L. Kays! - Simon Aldridge? (54)

1School of Chemistry, University of Nottingham, University Park, Nottingham NG7 2RD,

UK

Inorganic Chemistry, South Parks Road, Oxford OX1 3QR, UK
simon.aldridge@chem.ox.ac.uk

4.1

4.1.1
4.1.2
4.1.3
4.14
4.2

4.2.1
4.2.2
4.2.3

5.1
5.1.1
5.1.2
5.1.3
5.2

6.1

6.1.1
6.1.2
6.1.3
6.1.4
6.2

6.2.1
6.2.2
6.2.3
6.2.4
6.3

6.3.1
6.3.2

Introduction . .

Group 4 (Titanium, Zirconium and Hafnjum) . . . . . .. ... ... ...

Group 5 (Vanadium, Niobium and Tantalum) . . . . ... .. .......

Group 6 (Chromium, Molybdenum and Tungsten) . . ... ... ... ..
Molybdenum Complexes . . . . . . . . ... vt
Catecholboryl and Related Complexes . . . ... ..............
Aminodiboran(4)yl Complexes . . . . ... ... .. ... .. .. .. ...
Base-Stabilized Complexes . . . . .. .. ... .. o oo
Miscellaneous Boryl Complexes . . . . . .. .. ... oo L.
Tungsten Complexes . . . . . . . v v v i i e
Catecholboryl and Related Complexes . . . ... ... .. .. .......
Aminoboryl and -Diboran(4)yl Complexes. . . . ... ...........
Base-Stabilized Complexes . . . . . . ... ... ... ... oo

Group 7 (Manganese, Technetium and Rhenium) . . . . . ... ... ...
Manganese Complexes . . . . . ... i
Catecholboryl and Related Complexes . . . .. ... ... .........
Dialkyl- and Diarylboryl Complexes . . ... ................
Base-Stabilized Complexes . . . . . ... ... . ... ...
Rhenium Complexes . . . . . . ... v i it

Group 8 (Iron, Ruthenium and Osmijum) . . ................

Iron Complexes .

Catecholboryl and Other Oxygen-Containing Complexes . . . . . .. ...
Haloboryl Complexes . . . . . .o v v v v i vttt
Dialkyl- and Diarylboryl Complexes . . ... ................
Base-Stabilized Complexes . . . . .. .. ... .. . o oo
Ruthenium Compounds . . . .. ... ... ... .
Catecholboryl and Related Complexes . . . ... ..............
Aminoboryl and Diboran(4)yl Systems . . . . .. ...... ... .. ...
Haloboryl Complexes . . . .. ... ...
Base-Stabilized Complexes . . . . . ... ... .. ... .
Osmium Compounds. . . . . . . .. v vttt
Catecholboryl and Related Complexes . . . .. ... ... .. .......

Tethered Systems

31

34

34

36
38
38
39
40
41
42
42
44
44

45
46
46
49
50
51

51
52
52
59
68
69
69
70
72
73
73
74
74
81



30 D.L. Kays - S. Aldridge

7 Group 9 (Cobalt, Rhodium and Iridium) . ................. 83
71 Cobalt ... ... . e 84
72 Rhodium . ... .. ... .. 85
7.2.1 Complexes Without Ancillary Hydride Ligands . . ... .......... 87
7.2.2 Complexes Containing Ancillary Hydride Ligands . . . . . ... ... ... 90
7.23 Semi-Bridging Ligands . . . . .. ... ... ... . oo 93
73 Iridium Complexes . . . . .. ... ... e 94
7.3.1 Mono(boryl) Complexes . . . . . .. ... e 96
7.3.2 Bis(boryl) Complexes . .. ... ... ... e 98
7.3.3 Tris(boryl) Complexes . . . . . ... ... ... ... e 98
8 Group 10 (Nickel, Palladium and Platinum) . . . . ... ... ....... 100
8.1  Nickel and Palladium Complexes . . . . ... ... ... .. ... 100
8.2  Platinum Complexes . . . . . . ... e 103
8.2.1 Mono(boryl) Complexes . . . . . . ... .. e 103
8.2.2 Bis(boryl) Complexes . ... ... ... . ... 109
8.2.3 Semi-Bridging Ligands . . . . . ... ... .. .. .. . oo 111
9 Group 11 (Copper, Silverand Gold) . . . .. ... ... ... ....... 112
10 Outlook . . . . . . . . . e 113
References . . . . . . . . . i i 115

Abstract The article represents a review of the chemistry of transition metal complexes
containing the boryl (-BX;) ligand based on the chemical literature published up to and
including the calendar year 2006. A brief compendium of papers published in the year
2007 is also included. Notwithstanding the ever-growing volume of literature detailing
useful organic transformations in which these complexes have been implicated (e.g. C-H
activation, hydroboration, diboration), the primary focus of this article is a review of
issues of structure and bonding in boryl systems. Thus, the evidence for boryl ligands
acting - to a greater or lesser extent - as sigma donors and/or pi acceptors is examined
at length, as are issues relating to secondary interactions (e.g with hydride co-ligands)
within the metal coordination sphere, and the consequent relationship to borane sigma
complexes.

Keywords Bonding studies - Boron - Boryl ligand - Transition metal
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1

Introduction

Transition-metal complexes containing the boryl (-BX;) ligand first appeared

in the chemical literature in the 1960s in an extensive series of papers re-
ported by Noth and Schmid [1]. Subsequent developments (principally in the
past 15 years) have been driven by the implication of boryl complexes in
metal-catalyzed processes leading to the transfer of the BX, fragment to or-
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ganic substrates, and aided by the more ready availability of crystallographic
and quantum chemical techniques to clarify issues of structure and bond-
ing. Thus, significant developments in the chemistry of the boryl ligand in
the early 1990s stemmed from the involvement of group 9 metal complexes in
metal-catalyzed hydroboration [2-5], and more recent work has centred on
the involvement of boryl systems in the catalysis of diboration and C-H func-
tionalization processes [6-10]. Such chemistry has been, at least in part, the
motivation for studies aimed at a better understanding of the steric and elec-
tronic properties of the boryl ligand and how these influence the fundamental
reaction processes characteristic of boryl complexes. Thus, a considerable
body of experimental and computational data has been amassed attesting
to the strong o donor properties of the BX; ligand and to a trans influ-
ence equivalent to (or slightly greater than) that of the hydride ligand [11].
Ground-state structural and spectroscopic phenomena (e.g. bond lengths and
coupling constants involving groups trans to the boryl ligand) have typically
been evaluated in this regard. In a similar vein, structural parameters such
as the M—B bond length (relative to the sum of the respective covalent radii),
conformational preferences of the boryl ligand, and spectroscopic handles
such as the stretching frequencies of ancillary carbonyl ligands, have been
employed to quantify the potential for the boryl ligand to act as a = accep-
tor utilizing the formally vacant 7 symmetry orbital at boron (Fig. 1) [11].
In this regard a “competitive 7-bonding” model akin to that proposed for
metal carbene complexes has been advanced for BX, ligands [12]. Strong
7 donor boryl substituents X reduce the degree of M— B 7 back-bonding in
effect by elevating in energy the unoccupied boryl acceptor orbital (which
is B-X 7* in character). Thus, even in the most favourable cases, = bond-
ing is not thought to account for more than 20% of the overall M-B bonding
density [13].

Investigation of these fundamental properties, along with a number of
more specific issues, such as the potential for interaction of the Lewis acidic
boryl ligand with other ligands in the metal coordination sphere (e.g. hy-
drides) [14], and the coordination geometry preference for five-coordinate
boryl complexes of varying electron count [15], has been aided by the
syntheses of families of closely related boryl complexes. Thus, a system-
atic appraisal of electronic and steric influences as a function of boryl
ligand substituent (X) and the metal/ligand framework, and comparison
with related ligand systems has been made possible for complexes of the
types (7°-CsRs)ML,(BX,) (M = Mo, W, n=3; M = Fe, Ru, n=2), cis-
(R3P),Pt(BX;),, mer-(R3P)3Ir(Y)(Z)(BX;), and for the valence isoelectronic
series (R3P),Rh(Y)(Z)(BX;)/(R3P),(L)Os(Y)(BX;). Such families of com-
pounds have typically been synthesized by exploiting either oxidative add-
ition (of B-B, B-H or B-halogen bonds) or salt elimination approaches in the
M-B bond-forming step.
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LM*B/X '

n Lo

. VA
B\ .

Fig.1 Principal orbital interactions for transition metal boryl complexes - o donor and
7 acceptor properties of the boryl ligand

In this article emphasis has been placed on a review of crystallographic,
spectroscopic and quantum chemical studies which shed light on the fun-
damental structure and bonding characteristics of the boryl ligand. The
chemistry of transition-metal boryl complexes was reviewed extensively in
1998 [11,16-18], and a number of further review articles have been writ-
ten in the interim [19-24]. Herein, we focus primarily on literature reports
which have been published in the period 1998-2006, with due reference made
to key systems reported in the pre-1998 period. The material includes three-

X
/ LM ML,
LnMB/ LM—FB-... \B._/
\ \ /.
X X X X

Fig.2 Three-coordinate, base-stabilized four-coordinate and bridging modes of coordina-
tion of the boryl ligand
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coordinate, base-stabilized four-coordinate and bridging (or semi-bridging)
boryl ligand systems (Fig.2) and has been organized by transition metal

group.

2
Group 4 (Titanium, Zirconium and Hafnium)

To date no structurally authenticated boryl complexes of the group 4 metals
have been reported in the literature, although the involvement of group 4
reagents in metal-catalyzed hydroboration has been the subject of consid-
erable research, and a number of titanium o-borane complexes have been
characterized [18,25-29]. Recent work has led to the synthesis of group 4
complexes containing related diaminogallyl ligands [30].

3
Group 5 (Vanadium, Niobium and Tantalum)

Although group 5 organometallic systems have been found to be of relevance
in transition-metal catalyzed hydroboration reactions, structurally authenti-
cated group 5 boryl complexes remain relatively few in number. Smith and
co-workers, for example, have probed the mechanisms for the formation of
niobium and tantalum mono- and bis(boryls) from propylene complex pre-
cursors, with concomitant formation of propyl boronate esters [31,32]. Of
particular interest from a structural viewpoint are the relative merits of alter-
native bonding descriptions for metal(V) boryl bis(hydrides) as borohydride
complexes or as mono(hydride) o-borane systems [31-34].

Early studies of niobium and tantalum complexes resulted in the synthe-
ses of the complexes endo-Cp,NbH,BX, [BX, = Bcat, 5.1; BX; = 9-BBN,
5.2], and endo- and exo-Cp,TaH;Bcat (5.3 and 5.4, respectively), utilizing
either anionic metal bis(hydride) or charge neutral tris(thydride) precur-
sors [33,34]. In the case of 5.1 and 5.2 a combination of crystallographic
and !'B NMR methods have been used to judge the relative merits of bond-
ing descriptions featuring contributions from the three structural extremes
A-C (Fig. 3) [33, 34]. Crystallographically, the Nb-B [2.292(5) and 2.40(1) A],
B-H [1.62(5), 1.69(4) and 1.38(7), 1.39(8)A] and Nb-H distances [1.58(5),
1.62(4) and 1.80(7), 1.84(8) A] and H-Nb-H angles [92(2) and 70(3)°] for
the two compounds are consistent with Nb(V) boryl bis(hydride) and Nb(III)
borohydride descriptions for 5.1 and 5.2, respectively. These structural differ-
ences can be rationalized, at least in part, in terms of the differing degrees
of interaction expected between the ancillary hydride ligands and the BX,
fragments; this in turn is influenced by the relative Lewis acidities of the
Bcat and 9-BBN moieties. Consistent with this, the !B chemical shift meas-
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5 Z 5
M M M

% \HBRQ % \H(BRQ % ?/BRQ

A B C

Fig.3 Limiting models in the continuum of bonding in group 5 metallocene boryl com-
plexes: d° boryl (A), d? borohydride (B) and d? o borane (C)

ured for 5.1 in solution (dp 59) is as expected for a Bcat complex [11], while
that for 5.2 (6 57) is at much higher field than that reported for the Ir(III)
boryl fac-(MesP)s;Ir(H),(9-BBN) (9.27, ég 106.2) [35], reflecting a signifi-
cant contribution from bonding model B which features a four-coordinate
boron ligand system. Interestingly, 'H and 2H NMR studies on 5.1 in solu-
tion are consistent with a rapid equilibrium between the two structures A
and B [33].

A series of structural and mechanistic studies have also been performed
on pentamethylcyclopentadienyl niobium and tantalum complexes [31, 32].
Thus, endo-Cp; MH,BX; (M = Nb, X; = cat, 5.5; M = Nb, X; = 4-'Bucat, 5.6; M
= Nb, X, = 3-'Bucat, 5.7; M = Ta, X, = cat, 5.8; M = Ta, X, = 4-‘Bucat, 5.9) were
prepared for comparison of reactivity with the analogous Cp compounds 5.1,
5.3 and 5.4. Complex 5.7 has been described as a Nb(III) borohydride or as an
HB(3-'Bucat) adduct of Cp;NbH, on the basis of a significantly longer Nb—B
distance than that found in its Cp-substituted counterpart 5.1 [2.348(4) A
for 5.7; 2.292(5) A for 5.1] [31]. The structures of 5.5-5.9 could not be as-

Table1 Selected structural parameters and !B NMR chemical shifts for niobium and
tantalum boryl complexes

Compound dM-B) (A) B Refs.
endo-Cp,NbH;Bcat (5.1) 2.292(5) 59.2 [33]
eﬂdO—szNszBC3H14 (5.2) 2.40(1) 57.0 [33]
endo-Cp, TaH,Bcat (5.3) 2.263(6) 70.0 [34]
exo-Cp, TaH;Bcat (5.4) 2.295(11) 64.7 [34]
endo-Cp3NbH;Bcat (5.5) - 60.2 [31]
endo-Cp3NbH; [B(4-'Bucat)] (5.6) - 60.0 [31]
endo-Cp3NbH, [B(3-'Bucat)] (5.7) 2.348(4) 60.9 [31]
endo-Cp;TaH,Bcat (5.8) - 73.5 [31]
endo-Cp’TaH,[B(4-'Bucat)] (5.9) - 72.7 [31]
Cp,NbH(Bcat),? (5.10) 2.29(1) 60, 65 [32]
Cp2NbH(5?-HBcat) (5.11) - 59 [32]

2 As the acetone solvate
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HBcat ﬁ H

endo/exo-(n%-CsHs)NbH(CHp=CHMe) —————— Nb—Bcat + CH3CH.CH3

% \Bcat

Scheme 1 Synthesis of diboryl complex Cp,NbH(Bcat); (5.10)

signed unambiguously on the basis of spectroscopic studies alone, although
isotopic substitution revealed that tantalum complex 5.9 is probably best de-
scribed as a d° boryl system. Reactivity studies have shown that 5.9 reacts
very slowly compared to its niobium counterpart (5.6), a finding consistent
with a description of 5.9 as a Ta(V) boryl which possesses a higher barrier
to reductive elimination of HB(4-'Bucat) than the corresponding niobium
system.

Further study of the mechanisms involved in the reactions of alkene com-
plexes (7°-CsRs5);MH(CH,=CHMe) (R = H, Me; M = Nb, Ta) have revealed
different reaction pathways operating for the Cp and Cp* complexes [32].
Although the products for these reactions are analogous, the B—C bond form-
ing pathways for Cp,M and Cp5M systems are different; B-H activation
proceeds through an alkylidene intermediate for Cp,Ta, but through alkyl in-
termediates for its permethylated analogue. Diboryl complex Cp,NbH(Bcat),
(5.10) was formed (along with propane) in the reaction of endo- and exo-
Cp2NbH(CH,=CHMe) with HBcat (Scheme 1), suggesting that B-H activa-
tion in this system can lead to intermediates with the boryl ligand in the exo
position. Interestingly, this is not found for the permethylated analogue, pre-
sumably due to the differing steric requirements of the Cp and Cp* ancillary
ligands. The Nb(III) complex 5.11 [Cp,NbH(17%-HBcat)] has been identified
as an intermediate in this reaction.

4
Group 6 (Chromium, Molybdenum and Tungsten)

Although at present there are no structurally characterized boryl complexes
of chromium [23, 24], there has been significant interest in systems featur-
ing the heavier group 6 congeners, molybdenum and tungsten, due to their
implication in the functionalization of hydrocarbons. Indeed, tungsten bo-
ryl complexes featuring catecholate substituents were among the first to be
investigated in the stoichiometric borylation of alkanes, showing good selec-
tivity for the terminal C-H bonds [36, 37]. A number of crystallographic and
computational studies have been reported which shed light on issues of struc-
ture and bonding in these boryl systems, together with the mechanism of this
highly unusual C-H functionalization reactivity [37-39].
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Table2 Selected spectroscopic and structural parameters for molybdenum and tungsten
boryl complexes

Compound dM-B) §'B  v(CO) Refs.
(A) (cm™)
Cp*Mo(CO)3B(3,5-Meycat) (6.1) - 554 2009, 1920 [37]
Cp*Mo(CO)z(PXys)B(S,S—Mezcat) (6.2) - 58 1916, 1834 [37]
CpMo(CO)3B(NMe;)B(NMe,)Cl (6.3) - 65.4, 1982, 1900, [41]
38.0 1887
CpMo(CO)3B(NMe,)B(NMe;)Br (6.4) - 65.6, 1985, 1901, [40]
38.2 1887
CpMo(CO)3B(NMe;)B(NMe,)I (6.5) - 66.0, 1992, 1916, [42,43]
35.5 1895
Cp/MO(CO)sB(NMez)B(NMez)BI‘ (6.6) - 65.9, 1979, 1898, [41]
38.2 1883
CpMo(CO)3B(NMe,)B(NMe;)OMe (6.7) - 67.1, 1981, 1898, [41]
33.7 1882
CpMo(CO)3B(NMe;)B(NMe;)OEt (6.8) - 67.3, @ [41]
334
CpMo(CO),(PEt3)B(NMe;)B(NMe,)Br (6.9) - 68.8, 1932, 1885, [41]

40.7 1853, 1812
a

CpMo(CO)3B(NMe,)B(NMe;)OC=Mo(CO),Cp 2.348(4) 652, [42,43]
(6.10) 31.5
Cp*Mo(CO)3(BH,-PMes) (6.11) 2497(5) -24.6 1942, 1843 [46]

Cp*Mo(CO)3[BH,-P(OMe)MeNCH,CH,NMe] ~ 2.472(4) -29.6 1966, 1880 [47]
(6.12)

Tp*(CO),Mo{n?-B(Et)CH,(C¢HsMe-4)} (6.13) 76 1908, 1830 [48,49]

Cp*W(CO)3Bcat (6.14) - 524 2010, 1931, [37]
1914
Cp*W(CO)3[B(3,5-Me;cat)] (6.15) - 53 2002, 1920, [37]
1900
Cp*W(CO)3Bpin (6.16) - 50 1999, 1916, [37]
1900
Cp*W(CO),(PXy3)B(3,5-Me;cat) (6.17) - 58 1914, 1832 [37]
Cp*W(CO),(PMe3)B(3,5-Me,cat) (6.18) - 58 1906, 1823 [37]
CpW(CO)3B(NMe;)B(NMe,)Cl (6.19) 2.370(6)  69.5, 1988, 1932 [45]
39.0
CpW(CO)3B(NMe,)B(NMe,)Br (6.20) - 62.7, 1989, 1909, [41]
40.0 1892
CpW(CO)3B(NMe,)B(NMe;,)I (6.21) - 63.3, 1992, 1899, [42,43]
374 1883
Cp/W(CO)3B(NMe;,)B(NMe,)Br (6.22) - 63.2, 1987, 1907, [41]
40.0 1889
CpW(CO0)3B(NC,4Hs)B(NC4Hg)Br (6.23) - 60.2, 1985, 1900, [41]
39.6 1884

CpW(CO),(PMe3)B(NMe,)B(NMe,)Cl (6.24)  2.327(3)  66.0, 1927, 1803 [54]
41.8
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Table 2 (continued)

Compound dM-B) §''B
)
CpW(CO),(PPh3)B(NMe,)B(NMe,)CI (6.25) - 64.8,
37.6
CpW(CO)3B(NMe;)B(NMe,)OC=W(C0),Cp - 62.7,
(6.26) 32.6
Cp*W(CO)3(BH, - PMe3) (6.27) 2.476(7) -27.6
Tp*(CO),W{n?-B(Et)CH,(CsHsMe-4)} (6.28) 2.07(1) 78
Tp*(CO), W{n?-B(Et)CH,(Me)} (6.29) 2.064(9) 77
Tp*(CO),W{n?-B(Ph)CH,(CsHsMe-4)} (6.30) 2.058(13) -
Tp*(CO),W{n?-B(Ph)CH,(Me) (6.31) 2.070(4) -
Cp,WH(Bcat) (6.32) 2.190(7)  57.2
Cp2WCl(Bcat) (6.33) 49
Cp2W(4-*Bucat), (6.34) 2.19(1) 59.3
2.23(1)
2 Not given
4.1

Molybdenum Complexes

411
Catecholboryl and Related Complexes

v(CO)
(cm™)

1929, 1805

a

1943, 1848
1896, 1817
1893, 1814

a

a

D.L. Kays - S. Aldridge

Refs.

(54]

[42,43]

[46]
(48, 49]
(48, 49]
[49]
[12]
[52, 53]
[52,53]
[52,53]

The catecholboryl complexes Cp*Mo(CO),(L)[B(3,5-Me;Cat)] [L = CO, 6.1;
L = PXys = 6.2] (Fig. 4) were synthesized as part of a systematic investigation
into the borylation of alkanes [37]. The 1B NMR chemical shifts for these
systems (5g 55 and 58 for 6.1 and 6.2, respectively) and carbonyl stretching
frequencies for 6.1 (2009, 1920 cm™') are typical for boryl complexes bear-
ing oxygen substituents, with the lower stretching frequencies for 6.2 (1916,
1834 cm™) reflecting the replacement of a CO ligand with a phosphine.

w0

'-/S‘IN{O—B\O

OoC co
6.1:L=CO
6.2: L = PXy3

Fig.4 Molybdenum catecholboryl complexes Cp*Mo(CO),(L)[B(3,5-Me;cat) [L = CO, 6.1;

L = PXy; = 6.2]
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41.2
Aminodiboran(4)yl Complexes

Molybdenum diborane(4)yl systems featuring amino substituents have
been synthesized by the reaction B;(NMe;),X; (X = CI, Br) with K[(n>-
CsH4R)Mo(CO)3]; the complexes (1°-CsHsR)Mo(CO);B(NMe,)B(NMe,)X
[R=H,X=4C, 63 R =H, X =Br, 64 R = Me, X = Br, 6.6] have
been reported in which the B-B bond is retained from the diborane(4)
starting material [40,41]. The IIB NMR chemical shifts for these com-
plexes are typical for boryl systems containing amino substituents, with the
boron atom directly bonded to the metal centre being downfield shifted
in comparison to the B boron atom (6 = 65.4, 38.0 for 6.3; §p = 65.6,
38.2 for 6.4; 5 = 65.9, 38.2 for 6.6). Compound 6.4 displays reactivity at
the boron-bound halide and at the molybdenum centre which proceeds
with retention of the metal-boron bond. Reaction of 6.4 with ROH vyields
CpMo(CO)3B(NMe;)B(NMe;)OR [R = Me, 6.7; R = Et, 6.8] and irradi-
ation with PEt; gives rise to CpMo(CO),(PEt3)B(NMe;)B(NMe;)Br (6.9)
(Scheme 2) [41].

| | |
oc—Mo OR ROH OC/‘“'\I/IO /Br PEt; Et P/I\lllo\ /Br
ocC B—B ocC’ B—B —
oC oC . OCOC B B\‘
MesN NMe, MeoN NMe», MeoN NMe,
6.7: R=Me 6.4 6.9
6.8: R =Et

Scheme 2 Boron- and metal-centred substitution chemistry reported for the diborane(4)yl
complex CpMo(CO)3B(NMe;)B(NMe;)Br (6.4)

The corresponding reactions with the iodo-diborane(4) reagent 1,2-
(Me;N),1,B; are illustrative of one of the complications implicit in the salt
elimination methodology, namely the existence of alternative sites of nucle-
ophilicity within anionic organometallic reagents. Depending on conditions,
the reactions of 1,2-(Me,;N),I,B, with K[(°-CsH5)M(CO)3] (M = Mo, W)
result in the formation of diboran(4)yl complexes (such as 6.5), boryloxy-
carbyne complexes or mixed species (such as 6.10) (Fig. 5) [42,43]. Similar
oxygen-centred reactivity has also been observed for nickel and triiron an-
ionic nucleophiles [44]. That the molybdenum/tungsten boryl linkage repre-
sents the thermodynamically more stable configuration can be demonstrated
by the conversion of the bis(boryloxycarbyne) systems to the mixed bo-
ryl/boryloxycarbyne species at elevated temperature. Complete conversion to
the bis(boryl) dimer CpM(CO)3B(NMe;)B(NMe;)M(CO);Cp is thought to be
prevented on steric grounds [42,43]. The structure of CpMo(CO)3;B(NMe;)
B(NMe;)OC=Mo(CO),Cp (6.10) has been determined crystallographically,
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R

Y, —C=
/M_B /'\:/I_B CO//CO
oc’ i\ \ ocC s\ \
OC CcO NMe, OC CcO NMe;,
NMe; %
\ ),
\ Y, —O0—C=M,
M=C—O0— co
5 \ CcO
OCOC NMe,

Fig.5 Diboran(4)yl and boryloxycarbyne complexes derived from the reaction of K[(1°-
CsHs5)M(CO);3] (M = Mo, W) with 1,2-(Me,;N),1,B,

thereby revealing a Mo—B bond length [2.348(4) A which is very long com-
pared to the expected sum of the respective covalent radii (2.18 A).!

413
Base-Stabilized Complexes

Crystallographically characterized phosphine- and phosphite-stabilized bo-
ryl complexes of molybdenum have been synthesized by the photochemical
reaction of Cp*Mo(CO)sMe with BH3-PR3. The trimethylphosphine adduct
Cp*Mo(CO)3(BH;-PMes), (6.11, Fig. 6), was the first structurally authen-
ticated molybdenum boryl complex to be reported, and features a four-
coordinate boron centre which is characterized by a '' B NMR resonance at 8y
-24.6 ppm [46]. As expected, the Mo—B distance of 2.497(5) A is even longer
than that reported for 6.10 [2.348(4) A] which features a three-coordinate
boryl ligand. This is consistent with a wholly o bond in 6.11, as expected
for a boryl ligand lacking a vacant p orbital available for = back bonding.
This observation is corroborated by the low carbonyl stretching frequen-
cies (1942, 1843 cm™') measured for this compound (c.f. 2009, 1920 cm™!
for 6.1). The structure of the related phosphite-stabilized boryl complex
Cp*Mo(CO)3[BH;-P(OMe)MeNCH,CH;NMe] (6.12, Fig. 6) has recently been
reported [47]. The presence of the four coordinate boron centre, implied in
solution by a !'B resonance of -29.6 ppm, is confirmed in the solid state for
6.12 by X-ray crystallography. The Mo—B distance of 2.472(4) A is slightly

! The figure of 2.18 A has been determined from the value of 2.18 A given for the related tungsten
diboran(4)yl complex CpW(CO)3B(NMe;)B(NMe,)Cl in [45], together with the fact that the M—-M
distances in Cp(OC)3sM —M(CO);Cp (M = Mo, W) are identical at 3.22 A.
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6.11: M = Mo, R3 = Mej
6.12: M = Mo, R3 = OMe(MeNCH,CH>NMe)
6.27: M =W, Rz = Me3

Fig.6 Base-stabilized boryl complexes of molybdenum and tungsten

shorter than that for 6.11, but is still as expected for a complex contain-
ing a non-m acceptor boryl ligand. A range of fundamental modes of re-
activity have been demonstrated for 6.12, including B-H, B-Mo and B-P
bond-cleavage chemistries. Reaction with Mel generates CpMo(CO)3Me and
BH,I-P(OMe)MeNCH,CH;NMe, thus providing further chemical evidence
for marked M®~—B%* polarization in compounds of this type.

4.1.4
Miscellaneous Boryl Complexes

The boryl system Tp*(CO),Mo{n?-B(Et)CH,(CsHsMe-4)}, (6.13, Fig. 7), has
been synthesized by the reaction of the hydroborating agent “Et,BH” with the
Fischer carbyne complex Tp*(CO);Mo=C(CsH4Me-4) [48, 49]; a number of
related tungsten complexes have been synthesized which are discussed below
(vide infra).

6.13: M = Mo, R = Et, R' = CgHsMe-4
6.28: M = W, R = Et, R' = CgH,Me-4
6.29: R = Et, R' = Me

6.30: R = Ph, R' = CgH4Me-4

6.31: R=Ph, R' = Me

Fig.7 Molybdenum and tungsten boryl complexes of the type Tp*(CO),W{n?-
B(R)CH,R'}
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4.2
Tungsten Complexes

4,21
Catecholboryl and Related Complexes

As with molybdenum, a series of half-sandwich tungsten catecholboryl com-
plexes have been investigated for their activity as hydrocarbon borylation
reagents. The compounds Cp*W(CO),(L)BX; (L = CO, X; = cat, 6.14; L = CO,
X, = 3-Mecat, 6.15; L = CO, X, = pin, 6.16; L = PXy3, X; = 3-Mecat, 6.17;
L = PMes, X, = 3-Mecat, 6.18, Fig. 8) are characterized by 1B NMR chemical
shifts (§p52-58) typical of boryl systems featuring aryloxy substituents [11,
37]. The photochemical functionalization of alkanes by tungsten boryl com-
plex 6.15 was found to show remarkably high selectivity for the terminal pos-
ition of n-pentane, generating the 1-pentylboronate ester in 85% yield. The
importance of the blocking methyl groups in 6.15 (preventing attack at the
sp® hybridized C-H bonds of the catechol and cyclopentadienyl substituents)
was highlighted by the low yields obtained in the corresponding reaction
with 6.14 (20% yield of the ester). Pinacolboryl complex 6.16 was also found
to display high selectivity toward alkanes, producing the 1-pentylboronate
ester in 72% yield. Experiments on 6.15, 6.17 and 6.18 show that the bory-
lation reaction proceeds via the same Cp*W(CO),[B(3-Mecat)] intermediate.
That phosphine-substituted boryls 6.17 and 6.18 produced lower yields of the
boronate ester (59% and 32%, respectively) than 6.15 was rationalized by the
parallel generation of Cp*W(CO)(PR3)[B(3-Mecat)] as an intermediate via
CO dissociation [37].

6.14: L = CO, Ry = cat

6.15: L = CO, R, = 3,5-Mescat
6.16: L = CO, R, = pin

6.17: L = PXys, R, = 3,5-Meycat
6.18: L = PMes Ry = 3,5-Meycat

Fig.8 Tungsten boryl complexes featuring oxygen substituents, 6.14-6.18

The mechanism of stoichiometric CH borylation by complexes of this type
has been the subject of several recent studies designed, in particular, to probe
the underlying factors responsible for the unique ability of boryl systems to
bring about alkane functionalization [37-39, 50, 51]. The thermodynamics of
B—C bond formation have previously been noted to be favourable [50, 51], and
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the electrophilic properties of the boryl ligand are thought to offer favourable
kinetics for generation of the B—C bond (due to the coupling of electrophilic
and nucleophilic ligand fragments) [38]. Mechanistically, a radical mechan-
ism is thought to be unlikely on the basis of the strong W—B bond. On the
contrary, the initial formation of a 16-electron intermediate by loss of CO
in the absence of a trapping agent, is thought to precede either sequential
C-H oxidative addition/B—C reductive elimination or a ¢ bond metathesis
step [37,38]. Subsequent work has provided quantum chemical evidence for
a o bond metathesis mechanism, assisted by initial CH activation to form
a tungsten alkyl species containing an ancillary o borane ligand, via trans-
fer of hydrogen from carbon to boron. The presence of the formally vacant
boron p orbital is thought to assist in the CH bond-breaking process. The re-
action then proceeds via rotation of the o borane ligand such as to place the
boron and alkyl carbon components in a mutually cis configuration prior to
B—C reductive elimination [38]. An alternative mechanistic scheme, involving
a two-step oxidative addition/reductive elimination process from the initially
formed CpW(CO),BX; model intermediate has also been proposed [39]. This
involves a further intermediate incorporating a formal tungsten(IV) centre
and distinct boryl hydride and alkyl/aryl ligands to account for the forma-
tion of CH functionalization products in model benzene and methane sys-
tems [39].

Tungsten catecholboryl complexes based on a bent metallocene ligand
framework have also been reported by Hartwig [52, 53]. Thus Cp, WX(Bcat)
(X =H, 6.32; X = Cl, 6.33) and Cp,W(4-'Bucat); (6.34) have been synthesized
and the structures of 6.32 and 6.34 in the solid state determined by X-ray
diffraction. Boryl hydride complex 6.32 features no residual B- - -H interaction
(as judged by a B- - -H separation of >2 A) and features a sterically unfavoured
boryl ligand environment with the catechol substituents pointing towards the
Cp rings. This observation, together with a W—B bond length [2.191(6) A]
which is as expected on the basis of known W-C(sp?) bond lengths (and
the difference in the covalent radii of boron and carbon) led the authors to
propose a weak W—B m back-bonding interaction. That such an interac-
tion is relatively weak is attested to by the lack of observable line broadening
in either the 'H or 3C NMR spectrum of the asymmetrically substituted
4-methylcatecholboryl derivative at -80 °C [53]. Both the alignments of the
catecholboryl ligands and the W-B bond lengths [2.19(1), 2.23(1) A] in 6.34
are very similar to those measured for 6.32. Interestingly, the B-W—X angles
for both compounds are 78(2)°, a value which is close to that calculated for an
idealized d*> Cp,ML, system, and which therefore provides further evidence
against any residual B- - -X interaction. That the angles for the two compounds
are identical attests to the two-dimensional nature of the Bcat ligand, a feature
which allows for relatively close “face on” approach, as observed in a number
of platinum(II) bis(boryls) (vide infra) [53].



44 D.L. Kays - S. Aldridge

4,22
Aminoboryl and -Diboran(4)yl Complexes

The diborane(4)yl complexes (n5—C5H4R)W(CO)3B(NR/Z)B(NR/Z)X [X = Br,
R = H, NR) = NMe,, 6.20; X = Br, R = Me, NR), = NMe,, 6.22; X = Cl,
R = H, NR), = NC4Hs, 6.23] (Fig. 9) have been synthesized by the reac-
tion of B,(NR}),X, with the appropriate metal anion [41]. 1IB NMR res-
onances for both « and B8 boron atoms in 6.20, 6.22 and 6.23 are simi-
lar to those reported for the corresponding molybdenum complexes [41,
45], and similarly low carbonyl stretching frequencies have been taken
as evidence for minimal W—B 7 back bonding. The related phosphine-
substituted complexes CpW(CO),(PR3)B(NMe;)B(NMe;)Cl [R = Me, 6.24; R
= Ph, 6.25] (Fig. 9) have been synthesized via the reaction of B,(NMe;),Cl,
with Li[CpW(CO),(PR3)] [54]. The molecular structure of 6.24 shows that
the phosphine and diborane(4)yl ligands occupy non-adjacent coordination
sites in a four-legged piano stool geometry. Interestingly, the W—B distance
[2.327(3) A] is markedly shorter than that in CpW(CO)3;B(NMe;)B(NMe;)Cl
[2.370(8) A], presumably resulting from increased M— B back-bonding from
the more electron-rich phosphine-substituted tungsten centre [45]. The use
of By(NMe;),1, as the diborane(4) precursor leads to a range of diboran(4)yl
and boryloxycarbyne products, as discussed above for the corresponding
molybdenum systems [42, 43].

—W X
gc‘\““/ N
B—B
oc s N\
R'sN NR's

6.19: R=H, X=CI, NR'> = NMe; L = CcO
6.20: R=H, X=Br, NR'; =NMe, L = CcO
6.21: R=H,X=1,NR>=NMe;, L = CcO
6.22: R =Me, X =Br, NR', =NMe; L = CcO
6.23: R =H, X =Br, NR's = NC4Hg, L =CO
6.24: R=H, X=CI,NR'5 = NMe;, L = PMe3
6.25: R=H, X=CI,NR's = NMe;, L = PPh3

Fig.9 Tungsten diborane(4)yl complexes 6.19-6.25
423
Base-Stabilized Complexes

The base-stabilized compound Cp*W(CO)3(BH;-PMes) (6.27, Fig. 6) contains
a four-coordinate boron centre (§g -27.6) and features the longest W-B dis-
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tance measured for a boryl complex [2.476(7) AO] [46]. The structural impli-
cation of a purely W-B ¢ bond is corroborated by the low carbonyl stretching
frequencies (1943, 1848 cm™') for this compound. As with the related molyb-
denum complex 6.11, the W-B bond in 6.27 has been described as being
polarized in the sense M®"—B?*, this is reflected in the reactivities displayed
by these Mo and W systems [46, 47].

4.23.1
Miscellaneous Boryl Complexes

The boryl systems Tp*(CO), W{n?-B(R)CH,R'} [R = Et, R’ = CsH;Me-4, 6.28;
R = Et, R’ = Me, 6.29; R = Ph, R' = C4dH,Me-4, 6.30; R = Ph, R’ = Me, 6.31]
(Fig. 7) have been synthesized by the reaction of the hydroborating agent
“RyBH” and Fischer carbyne complex TP*(CO)ZWECR’ [48,49]. The W-B
distances for 6.28-6.31 [2.064(9)-2.07(1) A] are the shortest known for tung-
sten boryl complexes, reflecting not only the non w-donor alkyl substituents
at boron, but also the presence of a supporting agostic interaction. !B NMR
resonances for these systems and for related molybdenum complex 6.13 are
in the order of 76-77 ppm, i.e. at somewhat higher field than other alkyl/aryl
boryl complexes.

5
Group 7 (Manganese, Technetium and Rhenium)

Although boryl complexes of manganese and rhenium have been investi-
gated in the activation of C-H bonds [55,56], and related borylene sys-
tems containing Mn-B single bonds have been widely investigated [23, 24],
structurally characterized examples of group 7 boryl systems are still com-
paratively rare, with only a handful of crystallographic studies having been
reported. Of particular interest are half-sandwich manganese complexes con-
taining both hydride and boryl ligands, for which limiting descriptions as
manganese(III) boryl hydrides or as manganese(I) o-borane complexes are
conceivable (Fig. 10).

<= <=
| H e H
n: n
oc” [ Se—% oc” | VX
oc | co |
X

Fig. 10 Limiting descriptions of a half-sandwich manganese complex containing both
hydride and boryl ligands as a boryl hydride or o-borane complex
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Table3 Selected spectroscopic and structural parameters for manganese and rhenium
boryl complexes

Compound dM-B) §UB v(CO) Refs.
(A) (cm™)
(OC)sMnBcat (7.1) 2.108(6) 49 2112,2009 [55,56]
(0C)sMnBO,CyCly (7.2) - 50.6 2120, 2036 [58]
(0C)sMnBCl, (7.3) - 942 2115, 2052, [60]
2012
(OC)sMnBBr, (7.4) - 929 2116, 2051, [60]
2013
{(OC)sMnBBr},0 (7.5) 20932) - - [60]
Cp’Mn(CO),H[B{(Si(SiMe3)3}Cl] (7.6) 2.138(16) 1052 1978, 1913 [61]
Cp'Mn(CO),H[B{Ge(SiMes)3}Cl] (7.7) - 10582 1975, 1914 [61]
Cp'Mn(CO),H(Bcat) (7.8) 20832) 46 1995, 1937  [59]
Cp'Mn(CO),H(Bpin) (7.9) 21492) 45 1983, 1921  [59]
Cp’Mn(CO),H(BCy,) (7.10) 2187(2) 104 1967 1901  [59]
Cp'Mn(CO),H(BMe,) (7.11) - 101 1975, 1910 [59]
(OC)sMnB(Mes)Br (7.12) - 119.4 2101, 2046, [62]
2015, 1981,
1952
(OC)sMnB(CgFs), (7.13) - 130.7 2137, 2050, [63]
2015, 1950
Cp'Mn(CO),(H)B(CeFs); (7.14) - 842  1986,1922 [63]
(OC)4Mn(PMe;Ph)(BH,-PMes) (7.15) 2314(2)  -29.4 2009, 1926, [65]
1906, 1894
(OC)4Mn(PEt3)(BH,-PMe3) (7.16) - -29.6 2004, 1910, [65]
1889
(OC)sReBcat (7.17) - 44 2129, 2051, [57]
2016
Cp*Re(CO),H(Bpin) 7.19 - 46 1981, 1924 [59]
5.1

Manganese Complexes

5.1.1
Catecholboryl and Related Complexes

Boryl complexes featuring the [Mn(CO)5] moiety were first reported as early
as 1995, the manganese catecholboryl system (OC)sMnBcat (7.1, Fig. 11) hav-
ing been synthesized by the reaction of ClBcat with Na[Mn(CO)s], and inves-
tigated in the functionalization of arenes and alkenes [55-57]. The Mn-B dis-
tance of 2.108(6) A measured for 7.1 is not particularly short, when compared
to the sum of the respective covalent radii (2.01 A [11]). Moreover, the Mn—C
distance for the carbonyl ligand trans to Bcat [1.841(6) A] falls within the
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71:M=Mn,R=H
7.2:M=Mn, R=Cl
747:M=Re, R=H

Fig. 11 Group 7 boryl complexes featuring catecholate substituents

range of the other four Mn-C distances [1.832(8)-1.870(7) A]. This situation
contrasts with that found in related hydride and alkyl complexes contain-
ing the [Mn(CO)s] fragment, in which the trans Mn—C distance is typically
shorter than the other four [55]. Such an observation is consistent with the
boryl ligand having greater o donor and/or & acceptor strength than hydride
and alkyl ligands. The analogous halogenated complex, (OC)s;MnBO,CsCly
(7.2), has been synthesized by a similar route, although no structural data are
available [58].

Catecholboryl and related systems containing the half sandwich (»°-
CsH4Me)Mn(CO),H fragment have also been reported [59]. Thus, (-
CsH4Me)Mn(CO),H(Bcat) (7.8) and (n5—C5H4Me)Mn(CO)ZH(Bpin) (7.9)
have been synthesized by two routes, namely photolytic substitution of CO
by HBcat (or HBpin) and salt elimination from K[(n°-CsH4Me)Mn(CO),H]
and the corresponding chloroborane. Moreover, the borane can be displaced
by competing two-electron donors such as diphenylacetylene or triphenyl-
stannane, with kinetic data for the former reaction yielding an activation
enthalpy for borane displacement of ca. 24 kcal mol™'. This data, together
with structural and spectroscopic parameters for 7.8, 7.9 and the related
dicyclohexylboryl system (1°-CsH4Me)Mn(CO),H(BCy,) (7.10) are consis-
tent with a weakened but significant residual B---H interaction. Thus, the
B-H distances [1.24(2)-1.31(2) A] and H-Mn-B angles [33.2(7)-38.2(6) A]
are consistent with elongation of the B-H bond compared to the par-
ent borane, but with the B-H ligand occupying a single coordination site
within a three-legged piano-stool geometry. Consistent with this the B-H
coupling constants (ca. 95 Hz) imply a direct one-bond interaction. Within
the series of structurally characterized complexes 7.8-7.10, both the IR-
measured carbonyl stretching frequencies and borane ligand orientations
reflect the fact that dialkylborane B-H bonds are better o donors than
those of dialkoxy/diaryloxyboranes. Thus, the stretching frequencies meas-
ured for 7.10 (1967, 1901 cm™') are significantly lower than those for 7.8
(1995, 1937 cm™'), and the HBCat ligand in 7.8 adopts an alignment closer
to classical #? binding than does the HBCy, ligand in 7.10. Presumably the
stronger ¢ donor B-H bond in HBCy; leads to the predominant interac-
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tion being through the hydridic H atom and therefore to an alignment closer
to “end on” [59].

5.1.1.1
Haloboryl Complexes

The dihaloboryl complexes (OC)sMnBX; (X = Cl, 7.3; X = Br, 7.4, Scheme 3),
have been reported very recently [60], although the analogous iodide com-
plex, (OC)sMnBI,, could not be isolated. !'B NMR chemical shifts for these
systems (6 94.2 and 92.9 for 7.3 and 7.4, respectively) reflect the pres-
ence of relatively poor w donor halide substituents on the boron centre, and
these complexes give rise to carbonyl stretching frequencies similar to those
for catecholate systems 7.1 and 7.2 (e.g. 2112, 2009 for 7.1; 2115, 2052 and
2012 cm™! for 7.3; 2116, 2051 and 2013 cm™! for 7.4), indicating some degree
of Mn-B 7 back bonding [55, 57, 58]. Although complexes 7.3 and 7.4 were not
structurally authenticated, the crystal structure of the bis(boryl)oxide species
[(OC)sMnBBr],0 (7.5, Scheme 3) has been reported; 7.5 is presumably formed
by partial hydrolysis of 7.2. The Mn-B distance for 7.5 [2.093(2) A ] is similar to
that for catecholboryl complex 7.1 [2.108(6) A 1[55,57].

co X
oc Lo o oC. ] / co
H.O /B\ OC\ H
oc—Mn—B. ————~ ____Mn o F_co
S Sy oox=er %97 AN\ Sp—Nn
o¢ to oc G0 | "o
7.3:X=Cl x OC
7.4: X =Br 7.5

Scheme 3 Haloboryl complexes 7.3-7.5

The silyl and germylboryl complexes Cp’Mn(CO),H[B(ER,)Cl] [ER, =
Si(SiMes)s, 7.6; ER,, = Ge(SiMes)s, 7.7, Fig. 12] containing pendant halide
substituents have also been reported by Braunschweig and co-workers [61].
Here too, the lack of 7-donating substituents is reflected in !B NMR chem-
ical shifts (6 = 105.2 and 105.8 for 7.6 and 7.7, respectively) which are shifted
significantly downfield with respect to the catecholate system 7.8 (46 ppm).
The fact that the boron centres in 7.6 and 7.7 are not as deshielded as the cor-
responding iron systems [8p 141.2 for CpFe(CO),B{Si(SiMe3)3}Cl (8.44); 5
139.0 for CpFe(CO),B{Ge(SiMes)3}Cl (8.45)] can be ascribed to the presence
of a Mn—H-B bridge present in the manganese complexes. Complex 7.6 dis-
plays a long Mn—B distance [2.138(16) A], similar to those reported for 7.8-
7.10, and the relatively low carbonyl stretching frequencies (1978, 1913 cm™!)
are similar to those measured for (n5—C5H4Me)Mn(CO)2H(BCy2) (7.10;5 1967,
1901 cm™) [59]. A detailed analysis of the bonding situation in 7.6 and fur-
ther direct comparison with 7.8-7.10 is precluded by the difficulty in locating
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Me
Cl
ﬂH % oc 0
Mn—B B /
oc’ | ESiMes); 00 MRTE
oC O(f Yo Br
7.6:E=Si
7.7:E =Ge 712

Fig. 12 Manganese haloboryl complexes 7.6, 7.7 and 7.12

the hydride ligand from the diffraction data. Aryl(halo)boryl complexes of
manganese have also been investigated, although these have proved to be
more labile than their CpFe(CO), counterparts, and no structural data are
yet available. Mesityl(bromo)boryl complex (OC)sMnB(Mes)Br (7.12, Fig. 12)
has been found to contain a very deshielded boron centre (5g = 119.4), reflect-
ing the presence of poorly 7-donating boryl substituents [62].

5.1.2
Dialkyl- and Diarylboryl Complexes

The dialkylboryl systems (1°-CsHsMe)Mn(CO),H(BCy,) (7.10) and (n°-
CsH4Me)Mn(CO),H(BMe;) (7.11) have been reported by Hartwig and
Schlecht, and the former complex characterized in the solid state by X-
ray diffraction (vide supra) [59]. The bis(pentafluorophenyl)boryl ligand
has been employed in boryl complexes featuring both Mn(CO)s and Cp’Mn
(CO),H moieties. (OC)sMnB(CgFs5), (7.13, Fig. 13) displays a low field
1B NMR chemical shift (8g 130.7), characteristic of boryl complexes featur-
ing weakly 7 donating substituents [63]. Carbonyl stretching frequencies for
7.13 (2137, 2050, 2015, 1950 cm™!) are blue shifted in comparison to those for
catecholate systems 7.1 and 7.2, consistent with an enhanced degree of Mn-B
7 back bonding [55, 57], although no structural data are yet available for this
complex. Cp'Mn(CO),(H)B(CgF5), (7.14) is thermally labile and has been
characterized spectroscopically. The !B NMR resonance for 7.14 (55 84.2) is
significantly upfield with respect to that of 7.13, reflecting, at least in part the
presence of a bridging hydride in 7.14.

oc /CO /@FS

0C—Mn—-8

O(f \CO \@\\
— F5

7.13
Fig. 13 Bis(pentafluorophenyl)boryl manganese complex 7.13
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513
Base-Stabilized Complexes

As part of a wide-ranging study of the reactivity of base-stabilized boranes
towards unsaturated metal fragments, Shimoi and co-workers have isolated
several manganese o borane systems. The complexes CpMn(CO),(BHj3-L)
(L=NMe; 7.20; L = PMes, 7.21) were synthesized by the reaction of
CpMn(CO)3 with the appropriate borane under photolytic conditions [64].
An “end on” mode of coordination of the B-H bonds in each case is revealed
by wide Mn—H-B angles [142(3) and 129(3)° for 7.20 and 7.21, respectively]
and relatively long Mn. - -B contacts [2.682(3) and 2.573(2)A]. These dis-
tances can be compared to the corresponding Mn—B distance of 2.083(2) A
measured for the corresponding o complex of the three-coordinate borane
HBcat (i.e. 7.8), and which features an essentially “side on” n* BH ligand [59].
In the case of the four-coordinate ligands BH3-L these structural features are
thought to be indicative of a borane complex featuring strong BH ¢ donation,
but negligible back-bonding into the BH o* orbital [64].

In related work, the base-stabilized manganese boryl complexes (OC)4
Mn(PR3)(BH;,-PMes3) [PR3 = PMe,Ph, 7.15; PR3 = PEt3, 7.16] have been pre-
pared by the reaction of (OC)4;Mn(PR3) with BH3-PMes (Scheme 4) [65].
High-field 1IB NMR chemical shifts (8 -29.4 and -29.6 for 7.15 and 7.16,
respectively) are characteristic of the four-coordinate boron centres present
in these systems. The Mn-B distance for 7.15 [2.314(2) A] is significantly
longer than that measured for three-coordinate boryl systems, Mn-B r inter-
action being precluded by the coordination of PMes. The solid-state structure
of 7.15 shows that two of the cis carbonyl ligands are tilted significantly to-
wards the boryl group, and as with other base-stabilized boryl systems the
charge polarization in the complex is thought to resemble the contact ion pair
[(OC)4Mn(PMe,Ph)]"[BH,-PMe;] ™. Interestingly, 7.15 can be protonated to
give the cationic o borane complex [(OC)4Mn(PR3)(BH3-PMe3)] " [BAr/4]"
the DFT calculated structure of which features a very long Mn- - -B contact
(2.780 A) and an “end on” coordinated BH3-PMes ligand reminiscent of that
found in 7.21.

/

OC—Mn—CHj

S oc CO Hy
OC  PRs hv -] 7
+ oo—Mn—*B\
H :
H o¢ bR, PMes
H—B
7.15: PR3 = PMe,Ph
PMes 7.16: PR3 = PEt;3

Scheme 4 Synthesis of base-stabilized manganese boryl complexes 7.15 and 7.16
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5.2
Rhenium Complexes

Although the catecholboryl complex (OC)s;ReBcat (7.17, Fig. 11) has been
implicated in the functionalization of hydrocarbons, rhenium boryl com-
plexes are still relatively rare [55,57,59]. The !B NMR chemical shift and
carbonyl stretching values for 7.17 [§p 44; v(CO) = 2129, 2051, 2016 cm™!]
are similar to that of manganese analogue 7.1. The half-sandwich complexes
Cp*Re(CO),XBpin (X = H, 7.18; X = Bpin, 7.19) have also been investi-
gated. The former is thought to contain a o borane ligand, by comparison
of spectroscopic properties with the related manganese complex 7.9 [59].
Bis(boryl) complex 7.19 has been isolated (as the trans isomer) from the
reaction of Cp*Re(CO)s with B,pin; and has been shown to be a viable in-
termediate in the Cp*Re(CO)3 catalyzed photolytic conversion of pentane to
1-pentylBpin [56].

6
Group 8 (Iron, Ruthenium and Osmium)

There has been much interest in the synthesis of boryl complexes of the
group 8 metals, with over 60 structurally authenticated examples having been
reported to date. In particular, two families of compounds offer a system-
atic basis on which to study the fundamental properties of the boryl ligand
(Fig. 14). A range of three-legged piano-stool complexes of the type (n°-
CsRs5)Fe(CO);BX; has been reported, offering wide variation in the nature
of X. A number of spectroscopic and structural features of these systems
(viz. carbonyl stretching frequencies, Fe-B bond lengths and the torsion angle
between the centroid-Fe-B and BX, planes) have been used as probes of
electronic structure, focussing in particular on the extent to which the BX;
ligand can act as a 7 acid [22]. Likewise, a series of complexes of the type
(R3P)2(L)Os(Y)(BX;) has also been reported in which there is considerable
variation in the nature of the BX; ligand [12].

2 - G T = | Bex
7 s S I
X

Fig. 14 Widely investigated half-sandwich iron and five-coordinate osmium boryl systems
(showing definition of the torsion angle 6 for the former)
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6.1
Iron Complexes

The strongly nucleophilic properties of the cyclopentadienyliron anions [(1’-
CsRs5)Fe(CO)2]™ (R5 = Hs, Mes, HyMe) has allowed access to boryl complexes
bearing many different substituents via salt elimination chemistry, thereby
allowing systematic study of the effects of variation of substituent on the
bonding in these systems. In addition to this, the catecholboryl complexes
(7°-CsRs)Fe(CO),Bcat were among the first systems to be implicated in the
stoichiometric borylation of carbon-hydrogen bonds [55, 57].

6.1.1
Catecholboryl and Other Oxygen-Containing Complexes

The structure of the catecholboryl compound CpFe(CO),Bcat (8.1) was re-
ported as early as 1993 by Hartwig [66], and further examined in 1999, along
with that of Cp*Fe(CO),Bcat (8.2, Scheme 5) [57]. The larger torsion angle 6
(Fig. 14) for 8.3 compared to 8.1 [7.9° and 26.7° for 8.1 and 8.3, respec-
tively] has been ascribed to the greater steric bulk of the Cp* ligand which
forces the catecholate substituent out of the Cp centroid-Fe-B plane. The
attendant lengthening of the Fe-B bond for 8.3 [1.959(6) A and 1.980(2) A
for 8.1 and 8.3, respectively] is consistent not only with this increase in
steric congestion, but also with a decrease in the Fe—B x interaction re-
sulting from overlap of the HOMO of the [(°-CsRs)Fe(CO),]* fragment
with the formally vacant p orbital at boron, which is maximized for a tor-
sion angle of 0°(Fig. 15) [67]. DFT studies on these and related systems have
shown that the orientational preference of the BX; ligand is typically very
small [13]. Although the barrier to rotation about the Fe-B bond [calculated
to be typically >5kJ mol~! for CpFe(C0O),B0O,C,H,] is not strictly a meas-
ure of w bond strength, but rather a measure of the change in the 7r-bonding
contribution as a function of torsion angle (Fig. 15), DFT calculations im-
ply that the 7 component to the Fe-B bond in catecholboryl systems is
typically of the order of 10% [13]. Replacement of both competing 7 acid

O [(n5-CsRs)Fe(CO)a] Rn/ﬁ\ O
R | BCI Fe—B | .
4R\ / ocC / \O 4
oC
8.1:R,=Hs, R'=H
8.3: R,=Mes, R'= H
8.8:R,=Hs, R =Cl
8.9: R, = H/Me, R' = Cl

Scheme 5 Synthesis of catecholboryl systems 8.1, 8.3, 8.8 and 8.9
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(b)

Fig.15 Potential 7 interactions between [(CsRs)ML;] and [BX;] fragments: a involving
the boron-based 7 orbital and the a” symmetry HOMO of the [(Cs5R5)ML;] fragment;
b involving the boron-based 7 orbital and the HOMO-2 of the [(C5R5)ML;] fragment (of
a’ symmetry)

ancillary carbonyl ligands by model phosphines is calculated to increase the
degree of Fe—B backbonding to ca. 15%. However, although phosphine-
substituted boryl complexes of the type CpFeL(L)Bcat [L = CO, L’ = PMes,
8.6; L = L' = PMes, 8.7] have been reported no structural data are as yet
available [57].

Given the interest in iron boryl complexes bearing catecholate and re-
lated substituents, a number of related modified ligand systems have been
reported. A series of iron boryl complexes containing catechol-type sub-
stituents and featuring methyl or tertiary butyl groups at the 3 and 5 positions
have been synthesized as part of a thorough study into the mechanism of stoi-
chiometric alkane borylation. Although half-sandwich iron complexes were
found to be significantly less effective at CH borylation than their ruthenium
or tungsten counterparts, these studies did reveal that steric blocking of CH
bonds at the sp? carbon centres of both cyclopentadienyl and catechol sub-
stituents was required for alkane CH functionalization to occur [37]. The
tetrachloro-catecholboryl complexes (7°-CsH4R)Fe(CO),BOCsCly (R = H =
8.8; R = Me = 8.9) have also been reported (Scheme 5) [58]. The Fe-B bond
length measured for 8.9 [1.967(6) A] is similar to that of 8.1, suggesting a sim-
ilarly weak w-bonding interaction, although perchlorination of the catechol
substituent is found to lead to somewhat lower carbonyl stretching frequen-
cies for 8.8 compared to 8.1 (2004, 1945 vs. 2024, 1971 cm™!). The boryl ligand
in the related methylcyclopentadienyl complex 8.9 is orientated at an angle
of 26.6(5)° to the Cp centroid-Fe-B plane, the conformation adopted in this
complex being found to be influenced by a weak C-H- - -O hydrogen bond be-
tween the methyl group on the Cp’ ligand and an oxygen atom of the boryl
ligand [58]. That such a relatively weak interaction is able to determine the
torsion angle about the Fe-B bond further testifies to the weak orientational
influence of Fe—B 7 bonding.

Bifunctional boryl systems based on a polyhydroxbenzene framework have
also been studied; the structurally characterized symmetrically bridged com-
plexes (17°-CsR4R’)Fe(C0O),BO,CsH,0,BFe(CO),(n°-CsR4R’) (R = R’ = H
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8.10: Spacer = CgH», R, = Hsg
8.11: Spacer = CgH», R, = HsMe
8.12: Spacer = CgHo, R, = Mes
8.13: Spacer = Cng, R, =Hs

Fig.16 Bifunctional boryl systems based on a tetraalkoxyl ligand framework

8.10; R = H, R" = Me 8.11; R = R’ = Me 8.12) can thus be compared with
their monofunctional analogues (Fig. 16) [68, 69]. The bridged systems 8.10
and 8.11 are structurally very similar to each other, with essentially identi-
cal (short) Fe-B lengths [1.971(2) and 1.973(2) A for 8.10 and 8.11, respec-
tively]; the orientation of the boryl ligands in these complexes is, however,
very different from that found in compound 8.1. The torsion angles be-
tween the Cp centroid-Fe-B and O-B-O planes for 8.10 and 8.11 are 82.2(1)
and 87.7(7)°, respectively, implying that any 7 back bonding in these com-
pounds involves not the HOMO of the [(n°-CsH4R)Fe(CO),]* fragment, but
the lower lying HOMO-2 (Fig. 15). = Back bonding of this type has been
shown by Hoffmann and co-workers to be less efficient [67], a fact reflected
in the lower carbonyl stretching frequencies measured for 8.10 and 8.11
compared to 8.1 (2006, 1954 for 8.10, respectively c.f. 2024, 1971 cm™! for
8.1). The structural data for these bridged complexes (taken in compari-
son with those for the superficially very similar ligand systems 8.1, 8.3 and
8.9) provide further evidence for the weak orientational preference of the
boryl ligand, with factors such as crystal packing forces being thought to
offer sufficient energetic incentive to tip the balance between different ligand
alignments [13].

A related dinuclear boryl complex containing a saturated bridging frame-
work, CpFe(CO);B0,CsHg0,BFe(CO),Cp (8.18), has also been reported
(Fig. 16), which features a significantly longer Fe-B bond length than 8.1,
8.10 and 8.11 [2.030(5) A] [68,69]. This lengthening is thought to be due to
increased O— B 7 donation for 8.13 compared to aryloxyboryl systems, re-
sulting in a less m acidic boron centre, which reduces the extent of w back
donation from iron. This relative lack of 7 back bonding is supported by
the low carbonyl stretching frequencies for 8.13 (1998, 1932 cm™). A non-
bridged analogue of 8.13, Cp*Fe(CO),Btmg, 8.14, has also been reported,
for which the Fe-B length and carbonyl stretching frequencies [2.024(4) A
and 1971, 1910 cm™!, respectively] provide further evidence of the weaker
7 acceptor properties of alkoxoboryl ligands compared with their aryloxo
analogues [70]. Similar conclusions concerning the electronic properties of
alkoxy and aryloxy boryl have been reached for related osmium systems
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(vide infra) [71,72]. The bonding in aryloxy- and alkoxyboryl complexes
8.10 and 8.13 has been further probed by *’Fe Mossbauer spectroscopy,
a tool previously employed to investigate o and 7 ligand properties in com-
plexes of the type CpFe(CO),X. The low isomer shifts (0.02 mms™' and
0.00 mm s, respectively) taken together with the relatively low carbonyl
stretching frequencies provide further evidence for a ligand with strong
o donor and weak 7 acceptor properties [68, 69].

A number of catecholboryl complexes have been reported for non-Cp iron
systems [73]. In particular complexes of the type cis-Fe(CO)4(BX3), have
been synthesized featuring catecholate and related boryl substituents via two
routes: (i) a double salt elimination methodology utilizing [Fe(CO)4]* and
chloroboranes as the iron and boron containing precursors; and (ii) oxidative
addition of diborane(4) reagents such as Bjcat, to the photolytically gener-
ated [Fe(CO),] fragment. The structure of Fe(CO)4{B(4-Bucat)}, (8.16) in
the solid state has been elucidated by X-ray diffraction and reveals a dis-
torted octahedral coordination geometry. The relatively acute B-Fe-B angle
[82.8(4)°] mirrors that found in a range of related cis, bis(catecholboryl) sys-
tems and is thought to be due to the relatively flat, two-dimensional nature of
such ligands. In addition the Fe-B distances [2.028(7) Alare markedly longer
than those found in half-sandwich iron Bcat systems (Table 4), presumably
due to the presence of a less electron-rich metal centre featuring a wholly -
acid carbonyl ancillary ligand set [73]. In addition, the observation that the
Fe—C distances trans to the boryl ligand (mean 1.82 A) are longer than the
cis Fe-C distances (mean 1.80 A), contrasts with the observation of shorter
trans Fe—C distances for related complexes containing hydride ligands. As
such the stronger trans influence of the Bcat ligand over hydride is clearly
demonstrated.

6.1.2
Haloboryl Complexes

(i) Dihaloboryl Complexes

The first dihaloboryl complex of iron, CpFe(CO);BCl, (8.35, Fig. 17) was re-
ported in 2002, and although no structural characterization was obtained,
further reaction with dilithiocatechol was exploited to demonstrate a sec-
ond route to CpFe(CO),Bcat (8.1), in a rare example of reaction at the
boryl ligand centre with retention of the Fe-B bond [58]. The structure
of 8.35 was subsequently reported, along with that of the Lewis acid/base
adduct CpFe(CO),BCl,-(4-pic) (8.36, Fig.17) in 2004 [60,74]. Compound
8.35 displays a very short Fe-B distance [1.942(3) A c.f. 2.045 A for the
sum of the respective covalent radii] [11], which with carbonyl stretching
frequency values of 2022 and 1963 cm™ indicates the presence of mod-
est 7 back bonding. Furthermore, the torsion angle of 77.7° indicates that
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this 7 interaction involves the HOMO-2 orbital of the metal fragment [67].
Complexes 8.35 and 8.36 allow for the structural comparison of otherwise
identical three-coordinate and base-stabilized four-coordinate boryl com-
plexes; a significantly longer Fe-B distance [2.1326(14) A] and red-shifted
carbonyl stretching frequencies (1976, 1916cm™) are measured for 8.36.
Furthermore, the extent of Fe-B bond lengthening (ca. 10%) was found to
be greater than that from rehybridization at boron alone, leading to the
conclusion that there must be significant 7 contribution to the Fe-B bond
in 8.35.

Recently, further dihaloboryl complexes (7°-C5Rs5)Fe(CO),BX,; (R = H,
X =F, 8.37; X = Br, 8.38; R = Me, X = F, 8.39; X = Cl, 8.40; X = Br, 8.41)
have been reported, allowing for comparison of structure/bonding as a func-
tion of halide substituent (Fig. 17) [60,75]. The corresponding iodo com-
plexes (°-CsRs)Fe(CO),BI; (R = H, 8.74; R = Me, 8.75) have also been
synthesized, but were reported to be too labile for complete characteriza-
tion [60]. The carbonyl stretching frequencies for bromoboryl complexes
8.38 (2045, 2000 cm™') and 8.41 (2022, 1975cm™) are at a much higher
wavenumber than their corresponding difluoro- and dichloroboryl counter-
parts (2022, 1965 cm™ for 8.37; 2002, 1946 cm™ for 8.39; 2026, 1974 cm™ for
8.35; 2006, 1955 cm™! for 8.40), reflecting the decrease in w-donating abil-
ity of the halides in the order F > Cl > Br. The Lewis acid-base adducts
Cp*Fe(CO),BX;-(4-pic) (X = Cl, 8.42; X = Br, 8.43) (Fig. 17), display simi-
lar Fe-B distances to CpFe(CO),BCl, - (4-pic) (8.36) [2.129(3), 2.106(7) and
2.1326(14)A for 8.42, 8.43 and 8.36, respectively], consistent with a uni-
form lack of Fe—B 7 backbonding. The dichloroboryl ligand has also been
structurally characterized adopting a bridging mode of coordination between
two transition-metal fragments. Reaction of 8.40 with Pd(PCys), produces
the dinuclear system Cp*Fe(u-CO),(u-BCly)Pd(PCys), which is discussed in
Section 10.2 below [76]. In addition, complex 8.40 proves to be a valuable pre-
cursor for the synthesis of interesting systems featuring boron as a bridging
atom between two metal centres [77, 78].

X x
o o« "

R R \\.Fe—B
5 \‘.Fe—B"\ oc’[ \N
oc”/ X oc 7 N\
oC o

8.37:R=H,X=F

8.35:R=H, X =Cl 8.36: R=H, X =Cl

8.38: R=H, X=Br 8.42: R=Me, X=ClI

839:R=Me, X=F 8.43: R=Me, X =Br

8.40: R = Me. X = Cl
8.41:R = Me. X = Br

Fig.17 Base-free and 4-picoline stabilized dihaloboryl systems 8.35-8.43
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(i) Amino(halo)boryl Complexes

Amino(halo)boryl systems have been reported in the literature featuring
a range of different amino substituents. The first such compounds were syn-
thesized by Braunschweig and co-workers in 1998 (Fig. 18), and the crystal
structure of Cp*Fe(CO),B(NMe;)Cl (8.23) determined [79,80]. The rela-
tively long Fe-B length [2.027(5)A] is consistent with little Fe-B 7 back
bonding, the m acceptor properties of the boryl ligand being limited by
competing B-N 7 bonding. These inferences are corroborated by carbonyl
stretching frequencies [1988, 1928 and 1991, 1933 cm™! for 8.23 and 8.35]
which are significantly lower than, for example, the corresponding di-
haloboryl systems [i.e. 2006, 1955 and 2022, 1975 cm™! for dichloro- and
dibromoboryl complexes 8.40 and 8.41, respectively]. Relatively minor sub-
stituent effects are observed as a function of the amino group. Thus, the
diarylaminoboryl system CpFe(CO),B(NPh,)Cl displays a slightly shorter
Fe-B bond [2.022(3) A] and slightly higher carbonyl stretching frequencies
[2011, 1950 cm™!] than related dialkylaminoboryls [e.g. 2.054(4) A and 2001,
1941 cm™! for CpFe(CO),B(NPr,)Cl] [81, 268].

RSﬂ\ R =

Fe—B Fe Cl
oc’[ \X oc'/ \B—B/\
oC ocC z .
RoN NRy
8.21: R5 = H5, R'= Me, X =Cl 8.32: R2 = M82
8.22: R5; = H4Me, R'=Me, X =Cl 8.33: R, = C4Hg
8.23: R; = Me, R'=Me, X =Cl 8.34: R, = CsHqo

8.24: Rs = Hs, R'=Me, X =Br
8.25: R5 = H4Me, R'=Me, X =Br
8.26: R5 = Mes, R'=Me, X =Br
8.27: Rs = Hs, R'='Pr, X = Cl
8.28: Rs=Hs, R'=Cy, X=ClI
8.29: R; = Hs5, R'=Bz, X =Cl
8.30: R = Hs, R'=Ph, X=CI

Fig.18 Iron amino(halo)boryl and aminodiboran(4)yl systems

The stabilization derived from s interaction between the nitrogen and
boron atoms in amino(halo)boryl complexes has made them amenable to
the generation of cationic borylene systems via halide abstraction method-
ology [81, 82,268]. The first such use of amino-containing compounds for
this purpose was documented in 2004, the reaction of 8.26 with Na[BAr{ ]

being shown to generate [Cp*Fe(CO)zB(NMez)]+[BAr{ 1. Because of the
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lack of steric shielding around the low-coordinate boron centre this di-
methylaminoborylene complex could only be characterized spectroscopi-
cally at -20°C and by its reaction with [PPN]Cl to generate the known
amino(chloro)boryl complex 8.23 [82]. Subsequently amino(halo)boryl pre-
cursors featuring more sterically bulky N-substituents have been targeted,
including CpFe(CO),B(NR;)Cl (R = Pr, 8.27; R = Cy, 8.28; R = Bz, 8.29;
R = Ph, 8.30) [81,83,268]. The increased steric bulk of the amino sub-
stituents in 8.27 and 8.28 has allowed the isolation of the corresponding
cationic terminal borylene complexes [CpFe(CO)zB(NRz)]+[BArf 4" R =
iPr, 8.76; R = Cy, 8.77) and [Cp'Fe(CO),B(N'Pr,)]*[BAr 4]~ (8.78) as room
temperature stable materials generated by halide abstraction. 8.77 and 8.78
represent the first structurally characterized cationic aminoborylene com-
plexes, with FeB bond lengths [e.g. 1.859(6) A for 8.77] intermediate be-
tween the double bond found in [Cp*Fe(CO)zBMes]+[BArf4]‘ [1.792(8) A]
and the single bond found in [CpFe(CO),BCp*]*[AICl4]™ [1.977(3) A] [82-
84] (Aldridge S, Pierce GA, unpublished results). Further reaction chemistry
of 8.76 and 8.77 has been investigated, including examples which lead to
the formation of boryl or base-stabilized borylene complexes [75, 81, 83, 85].
Reaction of 8.76 with Ph3PO, for example, leads to the formation of the
adduct [CpFe(CO)z{B(NiPrz)(OPPh3)]+[BArf4]‘ (8.31) which has been de-
scribed as an amino(oxy)boryl complex featuring a pendant cationic phos-
phorus centre [75,81] on the basis of Fe-B and P-O distances [2.057(4) and
1.540(2) A, respectively] consistent with formal Fe-B and P-O single bonds
(Scheme 6).

ﬁ\ . NPr, ﬁ\ NPry

C,Fe:B/ - \\_Fe—B/
oc’/ N\ oc’/ \
oC //O oC /0
PhgP PhsP,

Scheme 6 Formal resonance contributions to the structure of [CpFe(CO)z{B(NiPrz)
(OPPh3)]* [BAF,]- (8.31)

Aminodiboran(4)yl complexes of iron have also been reported, exploit-
ing synthetic approaches used for analogous group 6 systems. Thus, the
1,2-bis(dimethylamino), 1,2-dipyrrolidino and 1,2-dipiperidino-substituted
complexes CpFe(CO),B(NR;)B(NR;)Cl (R, = Me;, 8.32; R, = C4Hg, 8.33;
R, = GCsHjg, 8.34) have been synthesized from the corresponding di-
aminodichlorodiboranes(4) (Fig.18), and the crystal structure of 8.32
obtained [45,86]. The very long Fe-B bond length measured for 8.32
[2.090(3) A] and the low carbonyl stretching frequencies for all three com-
pounds (1988, 1932; 1980, 1922 and 1981, 1927 cm™! for 8.32, 8.33 and 8.34,
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respectively) are consistent with a bonding model incorporating little or no
Fe-B 7 backbonding [45, 86].

Of related interest is the n'-borazine complex {Cp’Fe(CO),},2(B3N3H3Cl)
(8.71) which has been synthesized by the reaction of trichloroborazine,
(CIBNH)3, with two equivalents of Na[Cp'Fe(CO),;] (Scheme 7) [87]. The
relatively long Fe—B distances for 8.71 [2.041(1) and 2.045(1) A] and low car-
bonyl stretching frequencies (1996, 1937 cm™!) are consistent with little Fe-B
7 backbonding in this complex.

H cl H e;(é%
\N_B/ 2eq \N_ /
/N [(15-C5HaMe)Fe(CO),l /O\

Cl—B N—H Cl—B N—H
NN/ NN/
/ \ / \
H cl H P
oC &o
Me

Scheme 7 Synthesis of the 5! borazine complex 8.71

(iii) Aryl(halo)boryl Complexes

First reported in 2002, aryl(halo)boryl complexes of iron represent versatile
precursors for a number of related ligand systems via boron-centred reactions
which proceed with retention of the Fe-B bond [62, 88-90]. Complexes bear-
ing differing aryl substituents have been synthesized via the general route
shown in Scheme 8, allowing for varying degrees of steric bulk at the boron
centre.

The mesityl(bromo)boryl complexes (7°-CsRs)Fe(CO),B(Mes)Br (Rs =
Hs, 8.44; R5 = HyMe, 8.45; Rs = Mes, 8.46) all have relatively short Fe-B dis-
tances [1.964(5) 1.962(4) and 1.972(2) A, respectively] and this together with
torsion angles close to 0° and relatively high carbonyl stretching frequencies
(2016, 1962; 2009, 1961 and 2006, 1961 cm™!, for 8.44, 8.45 and 8.46 respec-
tively) are consistent with modest Fe-B 7 back bonding [62, 88]. In each case,
the mesityl substituent and the boryl ligand plane are orthogonal to each
other [Fe —B — Cipso — Cortho = 91.9(3), 88.3(2) and 89.5(2)°, 8.44, 8.45 and
8.46 respectively], signifying little = interaction between these two moieties;
this presumably is a consequence of the steric bulk of both the metal fragment
and mesityl substituent. Further comparison can be made with the remaining
members of the series of mesityl(halo)boryl complexes Cp*Fe(CO),B(Mes)X
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8.44: R, =Hs, R' = R" = Me, X = Br
8.45: R, = HsMe, R' = R" = Me, X = Br

8.46: R, = Mes, R' = R" = Me, X = Br
8.47:R,=Mes, R =R"=H, X=Cl

8.48: R, = Hs, R' = 2,4,6-PrsCgHo, R" = H, X = Br

Scheme 8 Synthesis of aryl(halo)boryl complexes 8.44-8.48

(X =F 8.52; X =(l, 8.53; X =1, 8.54, Table 5), which have been synthesized by
the reaction of the cationic borylene [Cp*Fe(CO),(BMes)]* [BAY 4]~ with an
appropriate source of the respective halide ion (Scheme 9) [82,91]. The Fe-B
lengths increase on going from bromoboryl 8.46 to chloro- and fluoroboryl
analogues 8.53 and 8.52, which can be rationalized in terms of the reduction
of both o donor and 7 acceptor properties of the boryl ligands in the order
—B(Mes)Br >— B(Mes)Cl > — B(Mes)F. The longest Fe—B distance is exhibited
by fluoroboryl 8.52; the essentially o only Fe-B bond present allows for ro-
tation about this linkage, thereby enabling the molecule to reduce the steric
interaction between the bulky metal and boryl substituents. Indeed, such is
the rotational freedom in 8.52 that the conformation of the molecule in the
solid state is influenced by the presence of intramolecular C — H-. - -F hydrogen
bonding between the Cp* and BF moieties [82].

Reactions of 8.44 with nucleophiles proceed with retention of the Fe-B
bond to generate the corresponding heteroatom-substituted boryl complexes
CpFe(CO),B(Mes)ER,, [ER, = SPh, 8.49; ER, = OC¢H,'Bu-4, 8.50; ER,, =
O'Bu, 8.51] (Fig. 19), thereby allowing further comparison of these boryl
ligand systems as a function of the B-substituent [62,89]. The decreasing
7 donor ability of the substituents ER,, (O’Bu > OCgH4'Bu-4 > SPh > Br) is

Table5 Comparison of the structural parameters and spectroscopic data for the com-
plexes Cp*Fe(CO);B(2,4,6-Me3; CsH,)X

8.54 8.46 8.53 8.52
X I Br cl F
»(CO)/cm™! 2015, 1969 2006, 1961 1996, 1937 1989, 1931
d(Fe-B)/A - 1.972(2) 1.985(2) 2.017(3)

dg/ppm 110.7 113.2 112.1 90.4
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8.52: X=F
8.53: X =ClI
8.46: X =Br
8.54: X =1

Scheme 9 Synthesis of mesityl(halo)boryl complexes via halide addition to a cationic
terminal borylene complex

e

.Fe—B

oc |/
P~ ER,
8.49: ER,, = SPh

8.50: ER,, = OCgH,'Bu-4
8.51: ER, = O'Bu

Fig. 19 Asymmetrically substituted mesitylboryl complexes 8.49-8.51

reflected in successive downfield shifts in the !'B NMR resonances for these
compounds (§p 72.9, 80.3, 103.5, 111.4 for 8.51, 8.50, 8.49 and 8.35, respec-
tively). In addition, the significant elongation of the Fe-B lengths for 8.50
and 8.51 [2.040(2) and 2.056(2) A, respectively] compared to 8.44 [1.964(5) A]
is a reflection of the differences in ligand bulk and the 7 acceptor proper-
ties of the boryl ligands. The sequential reduction in 7 acceptor properties
of the — B(Mes)ER,, ligand is also evidenced by the successively lower car-
bonyl stretching frequencies for 8.44, 8.49, 8.50 and 8.51, respectively (2016,
1962; 2000, 1935; 1997, 1933 and 1987, 1918 cm™, respectively). The fact that
alkoxoboryl ligands are poorer 7 acceptors than their aryloxo counterparts is
reflected in the longer Fe-B bond and lower carbonyl stretching frequencies
for 8.51 compared to 8.52, a phenomenon also observed for related osmium
systems [71,72].

Ferrocenyl(bromo)boryl complexes have also been reported, the reac-
tion of dibromoborylferrocene with one equivalent of [(7°-C5Rs)Fe(CO),]~
yielding the compounds (1°-CsRs)Fe(CO),B(Fc)Br (R = H, 8.63; R = Me, 8.64,
Fig. 20) [92]. The Fe-B distances for 8.63 and 8.64 are similar [1.997(2) A for
8.63; 1.972(3) and 1.985(3) A for 8.64], and are comparable to other haloboryl
complexes [e.g. 1.964(5) 1.962(4), 1.972(2) and 2.005(10) A, for 8.44-8.47, re-
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8.60: R, = Hs, ER',, = Si(SiMe3)3, X = Cl
8.61: R, = Hs, ER';, = Ge(SiMej3)3, X = Cl
8.62: R, = Hs, ER';, = Si(SiMe3)3, X = F
8.63: R,=Hs, ER',=Fc, X =Br

8.64: R, = Meg, ER',=Fc, X =Br

8.65: R, = Hs, ER',, = Cym, X =Br

8.66: R, = Meg, ER', = Cym, X = Br

Fig.20 Asymmetric haloboryl systems 8.60-8.66

spectively] [62, 88, 90]. The torsion angle between the boryl ligand 6 (Fig. 14)
is found to be 15.2° for 8.63 and 88.8° and 89.0° for 8.64, indicating a much
greater possibility for Fe—B m backbonding in 8.63 than 8.64. This is sup-
ported by the CO stretching frequencies for these complexes (2015, 1955 cm™
for 8.63; 1995, 1934 cm™! for 8.64), and is presumably due to the smaller
steric demands of the Cp ligand compared to Cp*. The Fe—B & backbond-
ing in these compounds has also been probed by monitoring the bending of
the boryl moiety toward the ferrocenyl iron centre. This interaction, charac-
terized by the “dip angle” 8 (Fig. 21), is typically greater for more strongly
Lewis acidic boron centres [93]. Thus, 8 is found to be smaller in these bo-
ryl complexes than in FcBBr; (18°), and smaller in 8.63 (4.2°) than in 8.64
(8.0 and 7.6°). This in turn implies a less Lewis acidic boron centre in 8.63,
consistent with greater back-bonding from the CpFe(CO), fragment. Ferro-
cenyl(bromo)boryl complexes also prove to be useful starting materials for
the synthesis of unusual heteronuclear bridged borylenes by oxidative add-
ition of the pendant B—Br bond to Pd(0) [94].

The cymantrene-functionalized complexes (nS-CSRs)Fe(CO)zB(Cym)Br
(R = H, 8.65; R = Me, 8.66, Fig. 20), display similar !B NMR chemical shifts

Fig.21 Definition of the “dip angle” B characterizing the bending of a ferrocenylboryl
moiety out of the plane of the cyclopentadienyl ligand
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to ferrocenyl analogues 8.63 and 8.64 (5p 102.2 for 8.65, 106.1 for 8.66, 99.1
for 8.63, 103.0 for 8.64); 8.66 exhibits an essentially identical orientation of
the boryl ligand with respect to the metal fragment as found in 8.64 (tor-
sion angle 6 = 88.7° for 8.66; 88.8° and 89.0° for 8.64), the Fe — B distances
in these compounds also being very similar [1.983(4) A for 8.66 1.972(3) and
1.985(3) A for 8.64] [95]. The structural and spectroscopic data for 8.66 there-
fore indicate the presence of a weak Fe— B 7 interaction in this compound.

(iv) Aryloxy(halo)boryl Complexes

Given the structural and reaction studies carried out on iron amino- and
aryl(halo)boryl complexes, research effort has also been directed at analo-
gous aryloxy(halo)boryl systems. The complexes (7°-C5R5)Fe(CO),B(OMes)X
(R=H, X =Cl, 8.55; R = H, X = Br, 8.56; R = Me, X = Cl, 8.57) have been
synthesized from the reaction of the corresponding haloborane with one
equivalent of Na[(n°-C5Rs5)Fe(CO);] (Fig. 22) [75]. Boryl complexes 8.55 and
8.57 both feature relatively short Fe-B distances [1.977(4) A for each] with
the torsion angle (9) for 8.57 [87.6°] being consistent with the possibility for
7 overlap between the boron-centred p orbital and the metal-based HOMO-2.

Substitution of the chloride substituent in 8.55 with para-tert-butyl phe-
noxide and thiophenolate, respectively, yields CpFe(CO),B(OMes)ER,, [ER,
= OCgH4'Bu-4, 8.58; ER, = SPh, 8.59, Fig.22], as characterized by up-
field shifts in the !B NMR resonances (8.55: §g 61.5; 8.58: 85 47.4; 8.59:
dp 69.1) [62,89]. Complex 8.59 containing mixed oxygen/sulfur donor sub-
stituents has a significantly longer Fe-B distance [2.034(4) A] than chlorobo-
ryl precursor 8.55, presumably reflecting, at least in part, the greater steric
requirements of the SPh substituent compared to CL

R,ﬁg\ /OMes ﬁ\ /OMes

C.Fe—B\ Fe—B
Ococ{ X ocoé ER,
8.55: R, = Hs, X = Cl 8.58: ER,, = OCgH4'Bu-4
8.56: R,, = Hs, X = Br 8.59: ER,, = SPh

8.57: R, = Mes, X = Cl

Fig.22 Mesityloxyboryl complexes 8.55-8.59
(v) Silyl- and Germyl(halo)boryl Complexes
The use of steric bulk has allowed the synthesis of boryl complexes

featuring substituents derived from the heavier group 14 elements viz.
CpFe(CO),B(ER,)Cl [ER, = Si(SiMes)s, 8.60; ER, = Ge(SiMes)s, 8.61,
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Fig. 20] [61]. Noteworthy are the very low field !B NMR chemical shifts
for these compounds (6g = 141.2 and 139.0 for 8.60 and 8.61, respectively),
indicating a very deshielded boron centre in each case. Further reaction
of 8.60 with TIF yields the structurally authenticated fluoroboryl complex
CpFe(CO),B{Si(SiMe3)3}F (8.62), the 1B resonance showing a diagnostic
upfield shift on going from 8.60 to 8.62 (6 141.2 to &g 113.2), reflecting
the substitution of chloride with the better 7-donating fluoride substituent.
The Fe-B distances for 8.60-8.62 are relatively short [1.964(8), 1.985(11) and
1.983(9) A, respectively], with torsion angles implying that any 7 backbond-
ing must originate in the HOMO-2 of the [CpFe(CO),]* fragment.

6.1.3
Dialkyl- and Diarylboryl Complexes

Half-sandwich iron complexes featuring dialkyl- or diarylboryl ligands have
also been investigated. Thus, the complex Cp*Fe(CO);(9-BBN) was synthe-
sized as part of a broad-ranging study of ligand influences on CH activation,
although no structural data were forthcoming [37]. The highly Lewis acidic
nature of boranes containing the pentafluorophenyl substituent has led to
the use of the bis(pentafluorophenyl)boryl ligand in an attempt to probe the
upper limits of Fe—B 7 bonding. In common with the diphenylboryl com-
plex CpFe(CO);B(CeHs), (8.69), the structurally authenticated compounds
(7°-C5Rs)Fe(CO),B(CsFs), (R = H, 8.67; R = Me, 8.68) (Fig. 23) [63,96],
are found to be photolytically sensitive [66,97]. The !B NMR resonances
for 8.67-8.69 are similar (6 = 121.5, 121.3 and 121, respectively), appear-
ing at the relatively low fields expected for a boron centre with very poorly
m-donating substituents. The Fe-B distances measured for 8.67 [1.964(4),
1.965(5) A] are much shorter than that found in 8.69 [2.034(4) A], with the
orientation of the boryl ligand also being more appropriate for an Fe—B 7 in-
teraction involving the HOMO of the organometallic fragment [torsion angles
0 =28.4, 27.9 and 75° for 8.67 and 8.69, respectively]. The corresponding
Fe-B distance and angle for the sterically more encumbered system 8.68 are

\ie—B
oc
— X5

8.67: R,=Hs, X=F
8.68: R,=Mes, X=F
8.69: R,=Hs, X=H

Fig.23 Diarylboryl complexes 8.67-8.69
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1.968(5) A and 41.3(3)°, respectively. Paradoxically, the carbonyl stretching
frequencies measured for 8.67 and 8.68 (2014, 1968 and 2004, 1954 cm™! for
8.67 and 8.68, respectively), do not imply such a strong Fe— B x interaction,
being red-shifted compared to those reported for 8.69 (2021, 1951 cm™).

6.1.4
Base-Stabilized Complexes

The base-stabilized BH; complex Cp*Fe(CO),(BH,-PMes) (8.72, Fig. 24),
has been synthesized via two routes: photolytic methane elimination and
salt elimination. The upfield !B NMR chemical shift for this complex
(8 -25.1) is indicative of a four-coordinate boron centre [98]. Likewise, the
long Fe-B bond measured for the ethyltetramethylcyclopentadienyl deriva-
tive (°-CsMe4Et)Fe(CO),(BH,-PMes) [8.73, 2.195(14) A] and the very low
carbonyl stretching frequencies (1932, 1869 cm™), are as expected for a four-
coordinate base-stabilized system [c.f. 2.129(3)A and 1958, 1899 cm™' for
CP*FC(CO)z(BClz -4piC), 8.42].

Hy
M%ﬁ\ .‘/
\_M—B\
OCO({ PMe3
8.72: M =Fe
8.103: M = Ru

Fig.24 The base-stabilized iron and ruthenium dihydridoboryl systems 8.72 and 8.103

6.2
Ruthenium Compounds

Ruthenium complexes featuring boryl ligands are somewhat less numerous
than their lighter homologues (see Table 6), although a number of interest-
ing o-borane and boratrane systems have also been reported [99-102]. In
general, these systems can be produced by two routes: salt elimination and
oxidative addition reactions and conform to two main types: three-legged
piano-stool complexes similar to the CpFe(CO), systems discussed above,
and five- and six-coordinate complexes with square pyramidal or octahedral
coordination geometries [12].



70 D.L. Kays - S. Aldridge

Table 6 Selected spectroscopic and structural parameters for ruthenium boryl complexes

Compound d(Ru-B) 5B v(CE) Refs.
(A) (cm™)?
Ru(Bcat)Cl(CO)(PPhs); (8.79) - - 1944, 1935 [103]
Ru(B-1,2-0,C19Hg)CL(CO)(PPh3), (8.80) - - 1950, 1933 [103]
Ru[B(3-Mecat)]C1(CO)(PPhs), (8.81) - - - [103]
Ru{B—1,2—(NH)2C6H4}C1(CO)(PPh3)2 (8.82) - - 1923 [103]
Ru(B-1-S-2-NHCg H4)CI(CO)(PPhs), (8.83) - - 1937{, 1921, [103]
1907
Ru(Bcat)C1(CS)(PPhs), (8.84) - - 1292 [103]
Ru(B1-S-2-NHCgH,4)CI(CS)(PPhs); (8.85) - - 1275 [103]
Ru(Bcat)CI(CN-p-tolyl)(PPhs), (8.86) - - 2070, 2020, [103]
1989, 1962°
Ru(Bcat),(CO), (PPhs); (8.87) 2.100(3), 48.2 2057, 1975 [105]
2.095(4)
Ru(Bcat),(CO)(CN-p-tolyl)(PPhs), (8.88) 2.093(3), 50.0 1974, [105]
2.086(3) 2141 (CN)
Ru(dmpe), (H)Bpin (8.89) - 50 - [181]
Ru(depe), (H)Bpin (8.90) - 50 - [181]
Cp*Ru(CO)3[B(3,5-Me;cat)] (8.91) - 48 2012, 1952 [37]
Cp*Ru(CO),Bpin (8.92) - 447 2002, 1940 [37]
Cp*Ru(C0),[B(4-Methiocat)] (8.93) - 78 2007, 1948 [37]
Cp*Ru(CO),BBN (8.94) - 117 1994, 1931  [37]
Cp*Ru(C0),BCy; (8.95) - 120 1984, 1921 [37]
Cp*Ru(C0),BMe; (8.96) - 1187 ¢ [37]
CpRu(CO),B(NMe,)B(NMe;)Br (8.97) 2.173(3) 633 2005, 1945 [40]
CpRu(CO),B(NMe;)ClI (8.98) - 50.3 2019, 1956 [80]
CpRu(CO),B(NMe;)Br (8.99) - 48.1 2022, 1960 [80]
CpRu(CO),B(CI)N(SiMe3)B(CI)N(SiMe3), (8.100) 2.115(2)  60.3 2018, 1955 [80]
Cp'Ru(CO),B(Fc)Br (8.101) - 90.1 2021, 1958 [92]
Cp'Ru(CO),BCl, (8.102) - 81.0 2021, 1958 [60]
Cp*Ru(CO),(BH,- PMes) (8.103) 2.243(8) -28.9 1951, 1883 [98]

2E =0, S, N-p-tolyl
b Solid-state splitting
¢ Not given

6.2.1
Catecholboryl and Related Complexes

Systematic appraisal of structure and bonding in ruthenium(II) and os-
mium(II) boryl systems has been aided by the syntheses by Roper and co-
workers of a number of compounds featuring a range of B-substituents and
ancillary ligands. Reaction of the ruthenium hydride RuHCI(CE)(PPhs )3 with
a borane, X;BH, gives rise to a number of coordinatively unsaturated boryl
systems Ru(BX;)CI(CE)(PPhs); [E = O, X, = cat, 8.79; X; = 1,2-0,CoHe,
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8.80; Xz = 3—Mecat, 8.81; Xz = 1,2-(NH)2C6H4, 8.82; Xz = l-S-Z-NHC6H4, 8.83;
E=S5, X, = cat, 8.84; X, = 1-S-2-NHC¢Hy, 8.85; E = N p-tolyl, X, = cat, 8.86]
containing five-coordinate metal centres which have been examined spectro-
scopically (Scheme 10) [103]. Interestingly, Bcat complex 8.79 has been shown
to insert ethyne into the Ru-B bond to give a borylalkenyl complex that is
stabilized by intramolecular coordination of one of the catecholate oxygen
atoms to the osmium centre. The resulting six-coordinate ruthenium complex
features a five-membered chelate ring and can undergo further substitution
chemistry at the boron centre with a range of alcohols [104].

PPh3 PPh3
PhsP., | .CI  HBRy | .cl
‘Ru. EEEE—— Ru!
Ec” | SH  HaPPhs  Ec” | VBR,

PPh3 PPh3
8.79: E=0, Ry =cat
8.80: E =0, R2 = 112'OZC1OH6
8.81: E = O, R, = 3-Mecat
8.82: E=0, Rg = 1,2-(NH)2CGH4
8.83: E =0, Ry = 1-S-2-NHCgH,4
8.84: E=S, R, =cat
8.85: E =S, Ry, = 1-S-2-NHCgH4
8.86: E = N p-tolyl, Ry = cat

Scheme 10 The synthesis of ruthenium boryl complexes 8.79-8.86

Related ruthenium(II) bis(catecholboryl) complexes can be formed by
oxidative addition of Bycat, to Ru(CO)(CE)(PPh3); yielding Ru(Bcat);(CO)
(CE)(PPh3), [E = O, 8.87; E = N-p-tolyl, 8.88] [105]. The structures of
8.87 and 8.88 (together with that of its osmium analogue 8.119) feature the
metal in an approximately octahedral environment, with pairs of mutually
cis triphenylphosphine and Bcat ligands; the two carbonyls (or carbonyl and
isocyanide ligands in the case of 8.88 and 8.119) occupy the axial positions.
The Bcat ligands are arranged face-to-face, with B-Ru-B angles of less than
90°[75.43(14)° and 75.57(12)° for 8.87 and 8.88, respectively]; the accompa-
nying P-Ru-P angles for 8.87 and 8.88 are 109.51(3)° and 104.00(3)°, re-
spectively. As such, the geometries of the P,RuB, fragments resemble closely
those of square planar cis-bis(phosphine)bis(boryl)platinum(II) complexes
(vide infra) for which steric factors have largely been held responsible. Thus,
the narrow B-M-B and wide P-M-P angles are thought to be due to the
bulky three-dimensional nature of the phosphine ligands, with the flat, essen-
tially two-dimensional geometry of the Bcat ligand allowing close approach in
a face-to-face fashion.

Ruthenium boryl complexes containing catecholate, pinacolate and dithi-
olate substituents have been analyzed as potential alkane functionalization
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M%Tg\
‘_RU‘—‘BRQ

oc"/

oC

8.91: R, = 3,5-Mescat
8.92: R, = pin

8.93: R, = 4-Methiocat
8.94: R, = BBN

8.95: R2 = CY2

Fig.25 Ruthenium boryl systems studied in the functionalization of alkanes (8.91-8.95)

reagents. The compounds Cp*Ru(CO),BX; [X; = 3,5-Me;cat, 8.91; X, = pin,
8.92; X, = 4-Methiocat, 8.93], along with the alkyl-substituted boryl systems
Cp*Ru(CO),BX; [BX; = 9-BBN, 8.94; X, = Cy», 8.95; X; = Me, 8.96] were
studied for their efficacy in the activation of alkanes (Fig. 25) [37]. The differ-
ing !'B NMR chemical shifts for these complexes reflect the = donor ability
of the substituents: low field shifts are reported for alkyl substituted boryl
ligands (6g 117 and 120 for 8.91 and 8.95, respectively), with successively
higher field resonances being observed for the thiolate-substituted complex
8.93 (6 78) and alkoxy/aryloxy substituted complexes 8.91 and 8.92 (6 48
and 45, respectively). Although not structurally characterized, these systems
were further analyzed via the electronic effects of the boryl substituents on
carbonyl stretching frequencies. The electron-donating ability of the boryl
substituents (alkyl > pinacolato > dithiolato > catecholato) is reflected in
the lowest carbonyl stretching frequencies being measured for 8.95 (1984,
1921 cm™) and the highest for 8.91 (2012, 1952 cm™). With regard to alkane
(n-pentane) CH activation chemistry, it was found that the highest yield of
1-functionalized product was obtained with dialkoxyboryl ligands. Further-
more, it was postulated that differences in reactivity between these boryl
systems are related to the differential reactivity of the intermediate systems
Cp*Ru(CO)BX; towards C-H bonds, rather than the efficiency of intermedi-
ate generation [37].

6.2.2
Aminoboryl and Diboran(4)yl Systems

The diboran(4)yl system CpRu(CO);B(NMe;)B(NMe;)Br (8.97) was the
first structurally authenticated ruthenium boryl complex to be reported
(Fig. 26), [40] and has a structure similar to the related iron complex
CpFe(CO),;B(NMe;)B(NMe,)Cl (8.32). The Ru-B distance is 2.173(3)A and
this, taken with the orientation of the boryl ligand with respect to the
ruthenium fragment [torsion angle 6 = 103.4°] and carbonyl stretching



Transition Metal Boryl Complexes 73

== ﬂ . NMe; —— SiMe;  SiMes
| N | | |

‘}qu\ e Ru—"B ‘}qu\ NN
oc' N oc' N ,
oc BB oc” [ X oc 7 B SiMe
MeoN©  NMeo oc Ci Ci
8.97 8.98: X = Cl 8.100
8.99: X = Br

Fig.26 Ruthenium boryl and related complexes bearing amino substituents

frequencies of 2005, 1945cm™ indicates little or no Ru—B 7 backbond-
ing. In related chemistry, reaction of Na[CpRu(CO);] with the dihalobo-
ranes Me;NBX, (X = Cl, Br) gives rise to the amino(halo)boryl complexes
CpRu(CO);B(NMe;)X (X = Cl, 8.98; X = Br, 8.99) (Fig. 26). These complexes,
which have been characterized spectroscopically, give rise to !B NMR chem-
ical shifts typical for aminoboryl systems (6g 50.3 and 48.1, for 8.98 and 8.99,
respectively) and carbonyl stretching frequencies (2019, 1956 cm™! for 8.98;
2022, 1960 cm™! for 8.99] consistent with minimal Ru-B = interaction [80].
By contrast, the analogous reaction of Na[CpRu(CO),] with (MesSi);NBCl,
does not yield the corresponding aminoboryl system, but instead gives rise to
CpRu(CO),B(CI)N(SiMes3)B(CI)N(SiMes3), (8.10), presumably formed from
two molecules of the borane by elimination of Me3SiCl (Fig. 26). The Ru-B
distance in 8.100 [2.115(2) A], although shorter than that found in 8.97, is
still not significantly shorter than the sum of the respective covalent radii
(2.12 A) [106].

6.2.3
Haloboryl Complexes

The first ruthenium dihaloboryl Cp'Ru(CO),BCl, (8.102) has recently been
spectroscopically characterized, although no structural data were repor-
ted [60]. As with the related iron complex CpFe(CO),BCl, (8.35), 8.102
exhibits the relatively downfield-shifted 1B resonance (83 81.0) and high fre-
quency carbonyl stretching bands (2012, 1958 cm™!), expected for a boryl
system featuring poorly 7-donating substituents. The ferrocenyl(bromo)boryl
complex Cp’Ru(CO),B(Fc)Br (8.101) has also been synthesized recently and
has spectroscopic properties similar to those of the closely related iron sys-
tems 8.63 and 8.64 [92].

6.2.4
Base-Stabilized Complexes

As with iron, Shimoi and co-workers have reported the synthesis of half-
sandwich metal complexes containing the BH;-PMes ligand. The Ru-B dis-



74 D.L. Kays - S. Aldridge

tance for the base-stabilized boryl complex, Cp*Ru(CO),(BH;-PMes) (8.103;
Fig. 24) is long [2.243(8) A], as expected for a ¢ only interaction, and this is
mirrored in the low carbonyl stretching frequencies (1951, 1883 cm™) [98].
The !B NMR chemical shift for 8.103 (5 -28.9) is markedly upfield com-
pared to that for other Ru boryls, reflecting the four-coordinate boron centre
in the system.

6.3
Osmium Compounds

A range of five- and six-coordinate osmium boryl complexes has been syn-
thesized making use of similar approaches to those reported above for ru-
thenium. In particular, the reaction of phenylosmium(II) precursors with
boranes, which proceed via elimination of benzene, has been shown to be
a useful entry point into octahedral and square pyramidal osmium boryl
complexes. Significant further chemistry has been reported on these systems,
including substitution at both boron and metal centres, which has shed light
on fundamental issues of structure/bonding and reactivity [12].

6.3.1
Catecholboryl and Related Complexes

A number of osmium boryl complexes featuring different boryl substituents
and ancillary ligands have been reported, allowing for a systematic study of
these systems. The first such compounds were reported in 1997, the reaction
of Os(Ph)CI(CE)(PPhs), with X;BH yielding the coordinatively unsaturated
complexes Os(BX;)Cl(CE)(PPhs), [E = O, X, = cat, 8.104; X, = 3-Mecat,
8.105; Xz = 1,2-(NH)2C6H4, 8.106; X2 = 1-S-2-NHC6H4, 8.107; E = S, X2
= cat, 8.108] (Scheme 11), which were characterized spectroscopically. This
approach mirrors that reported by the same authors for related ruthenium
boryls synthesized from hydridoruthenium(II) precursors [103].

PPhs PPhg
o WGl HBR, O| e
S S
Ec” | Ph -PhH Ec” | BR,

PPhg PPhg
8.104: E =0, Ry, =cat
8.105: E = O, R, = 3-Mecat
8.106: E = O, R, = 1,2-(NH),CgH4
8.107: E = O, Ry = 1-S-2-NHCgH,
8.108: E=S, Ry = cat

Scheme 11 The synthesis of five-coordinate osmium(II) boryl complexes 8.104-8.108
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Catecholboryl complex 8.104 has subsequently been structurally authen-
ticated and computationally evaluated; due to the presence of a labile chlo-
ride ligand at the osmium centre, 8.104 is also found to be a versatile
substrate for further substitution chemistry [107, 108]. The solid-state struc-
ture of 8.104 shows the metal in a square pyramidal geometry with the
boryl ligand in the apical position, consistent with its strong trans influ-
ence. As a result of the lack of a competing ligand trans to the boryl, the
Os-B distance for 8.104 is short [2.019(3)A c.f. 2.10 A for the sum of the
respective covalent radii] [11]. Abstraction of the chloride ligand from 8.104
using Ag[SbF¢], in the presence of acetonitrile yields the bis(acetonitrile)
complex [Os(Bcat)(CO)(CH3CN),(PPh3),]SbFs (8.109), which can subse-
quently be reacted with CO or p-tolyl isocyanide to yield the complexes
[Os(Bcat)(CO)(CE)(CH3CN)(PPhs),]SbFs [E = O, 8.110; E = N p-tolyl,
8.111], via selective substitution of the acetonitrile ligand trans to the boryl
(Scheme 12).

PPhs * [SbFg] PPhs PPhg
MecN... | ..co (i) AgSbFs | .co NaXE, X/,E,,,,,_O| .1CO
s e —— Os _— K s
MeCN™ | “Bcat (i) MeCN ¢ | “pcat E” | “Beat
PPhg PPh; PPhg
8.109 8.104 8.112; XE, = HCO,
8.113: XE, = NO,
8.114: XE2 = EtzNCSg
CE o-tolylLi co
PPh; + [SbFef PPhg PPh;
Ec,,,,ol .1CO O| CO oc.. | .co
S S. "Os.
MeCN™~ | “Beat o-tolyl”” | “Beat a” | “Beat
PPh; PPh; PPhs
8.110: E= O 8.115
8.111: E = N p-tolyl
CE o-tolylLi
PPh; PPh;
ec.. | .co otolyli, | ..CO
‘Os'\ /'Os\
otolyl”” | Beat oc” | Beat
PPh; PPh;
8.116:E=0 8.121

8.117: E = N p-tolyl

Scheme 12 Osmium boryl complexes generated from catecholboryl system 8.104

Complex 8.109 has a distorted octahedral geometry with trans triphenyl-
phosphine and cis acetonitrile ligands. The Os—B distance for this complex
[2.094(5) A] is longer than that found in 8.104, a reflection both of the pres-
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ence of a competing trans ligand and of the net positive charge. The Os—N dis-
tance for the acetonitrile ligand trans to the Bcat ligand [2.168(3) A] is longer
than that trans to the CO ligand [2.101(3) A] illustrating the greater trans in-
fluence of Bcat compared to CO. The structure of 8.111 is that of a distorted
octahedron, and the Os-B length [2.135(10) A] is similar to that of 8.109.
Reaction of 8.104 with bidentate anions yields the complexes Os(Bcat)(n?-
XEz)(CO)(PPh3)2 [XE2 = OzCH, 8.112; XE2 = OzN, 8.113; XE2 = SzCNEtz,
8.114] (Scheme 12). The structure of 8.114 in the solid state reveals a distorted
octahedral geometry, with the dithiocarbamate ligand occupying coordina-
tion sites trans to both carbonyl and boryl ligands. Here too the stronger trans
influence of the boryl ligand (vs. CO) is in evidence, with the Os—S distance
trans to Bcat [2.5209(14) A] being significantly longer than that trans to CO
[2.4709(13) A]. The Os—B distance in 8.114 [2.073(3) A] is similar to that of
cationic systems 8.109 and 8.111, but significantly longer than that measured
for five-coordinate Bcat precursor 8.104, presumably due to coordination of
one arm of the dithiocarbamate ligand trans to the boryl.

In an attempt to investigate further the mechanisms involved in metal-
catalyzed hydroboration and arene borylation, osmium boryl compounds
containing ancillary aryl ligands have been targeted. Reaction of 8.104 with o-
tolyllithium yields the five-coordinate system Os(Bcat)(o-tolyl)(CO)(PPhs),
(8.115), which, on reaction with CO or p-tolylisocyanide yields the coordi-
natively saturated complexes cis-Os(Bcat)(o-tolyl)(CO)(CE)(PPhs), (E = O,
8.116; E = CN p-tolyl, 8.117) (Scheme 12) [105, 109]. The distorted octahedral
geometry of 8.116 in the solid state features mutually cis o-tolyl and Bcat lig-
ands, with a trans triphenylphosphine arrangement. The Os—C distance trans
to the boryl ligand [1.964(7) A] is significantly longer than that trans to o-
tolyl [1.903(6) A], revealing a stronger trans influence for Bcat compared to
the (known strong o donor) o-tolyl ligand. The Os-B distance for 8.116 is
relatively long [2.155(7) A] compared, for example to 8.104 and 8.114, as ex-
pected for a boryl ligand trans to CO.

Facile reductive elimination of o-tolylBcat from complexes 8.116 and
8.117 generates the four-coordinate intermediates Os(CO);(PPhsz); and
0s(CO)(CN-p-tolyl)(PPh3),, respectively, which have been found to oxida-
tively add Bjcat; to give Os(Bcat),(CO);(PPhs), (8.118) and Os(Bcat),(CO)
(CN-p-tolyl)(PPhs), (8.119). In the case of 8.116, similar reactivity towards
HBcat generates Os(Bcat)H(CO),(PPhs); (8.120) (Scheme 13) [105, 109]. B-C
reductive elimination and B-H oxidative addition have been proposed as two
key steps in metal-catalyzed borylation reactions [2-5,9,10], and osmium
systems such as 8.116-8.120 have provided a fruitful testing ground on which
to probe this fundamental chemistry. The structure of 8.119 is qualitatively
similar to those of the ruthenium bis(boryl) systems 8.87 and 8.88, with Os—B
distances of 2.093(6) and 2.104(6) A.

An isomeric form of 8.114, namely trans-Os(Bcat)(o-tolyl)(CO),(PPhs);
(8.121, featuring a trans arrangement of Bcat and o-tolyl fragments) has been
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Scheme 13 Generation of osmium boryl complexes from oxidative addition of B;cat; and
HBcat

generated by the reaction of cis-Os(Bcat)CI(CO), (PPhs), with o-tolyllithium
(Scheme 12), and features an Os—B distance [2.132(7) A] very similar to that
measured for 8.116. The strong trans influence of the Bcat ligand compared
to CO is reflected in an Os—C distance for 8.118 [2.277(5) A] which is much
longer than that in 8.116 [2.202(6) A]. Unlike 8.116, 8.121 does not readily
reductively eliminate o-tolylBcat; this process occurs only under photolytic
conditions for 8.121, presumably due to the necessity for initial isomerization
to 8.116 in which the boryl and aryl ligands are mutually cis [109].

Further reaction of trans-Os(Bcat)(o-tolyl)(CO),(PPhs), (8.121) with I
yields trans-Os(Bcat)I(CO),(PPhs), (8.122), along with trans-Os(o-tolyl)
I(CO),(PPhs); [105]. Synthesis of the corresponding cis isomer of 8.122 (i.e.
8.123) via an alternative route allows comparison of the molecular structures
of these complexes. Both 8.122 and 8.123 possess almost octahedral symme-
try around the metal centre, with the phosphine ligands being mutually trans
in each case (Fig. 27). As expected, the Os—B distance for 8.123 [2.145(5) A] is
lengthened in comparison to that in 8.122 [2.090(3) A], due to the Bcat ligand
in 8.123 competing with a stronger o-donor trans ligand (i.e. CO, rather than
I). The Os-I distance in 8.122 [2.8346(2) A] is much longer than that in 8.123
[2.7883(3) A] due to the higher trans influence of the Bcat ligand compared
to CO. Furthermore, comparison of the two distinct Os—CO distances in 8.123
[trans to Bcat: 1.968(5) A; transto I: 1.867(4) A] and the Os—CO distances in
8.122 [both frans to CO: 1.938(3), 1.943(3) A] is consistent not only with the
strong trans influence of the Bcat ligand, but also with its appreciable 7 acidity.

PPhy PPhy
I“'"'o| .CO OC""'cl Ll
S S
oc” | Beat oc” | Beat
PPhg PPhg
8.122 8.123

Fig.27 Trans- and cis-Os(Bcat)I(CO),(PPhs), (8.98 and 8.99)

The dichloroboryl complex Os(BCl,)CI(CO)(PPhs), (8.124) [71,72,110-
112] has proved to be a versatile substrate for further derivatization of the
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boron centre. Reactions of 8.124 with ROH yield the hydroxy- and alkoxy-
boryl compounds Os[B(OR),]CI(CO)(PPh3), (R = H, 8.125; R = Me, 8.126;
R = Et, 8.127) while those with chelating bis(amines) give rise to the di-
aminoboryls Os{B[1,2-(NMe),C¢H4] }C1(CO)(PPh3), (8.128) and Os{B[1,2-
(NMe),C,H4] }CI(CO)(PPh3), (8.129) (Scheme 14) [71]. Reaction of these
complexes with CO leads to six-coordinate systems via ligand coordination
trans to the boryl ligand. Differences in spectroscopic and structural proper-
ties of these systems compared to the parent dichloroboryl complex 8.124 and
the corresponding Bcat system 8.104 have been rationalized by a “competi-
tive -bonding model” analogous to that used for Fischer carbenes [12,71].
Thus, the weaker 7-donor nature of aryloxy compared to alkoxy substituents
renders the Bcat ligand a better 7 acceptor with respect to the osmium cen-
tre than B(OH); or B(OEt),, leading to a shorter Os-B bond length for 8.104
[2.019(3) vs. 2.056(3) and 2.081(5) A for 8.123 and 8.125]; consistent with
these observations, the carbonyl stretching frequency for 8.104 is slightly
higher than those of 8.123 and 8.125 [1923 vs. 1917 and 1906 cm™!]. The cor-
responding carbonyl stretching frequency for dichloroboryl system 8.122 is
1937 cm™!. In a similar vein, the Os-B bond length for complex 8.126, which
features an N,N’-dimethylphenylenediaminoboryl ligand (two anilino sub-
stituents at boron) is markedly longer [2.082(10) A] than that measured for
catecholboryl complex 8.104, and the corresponding carbonyl stretching fre-
quency is red-shifted by 38 cm™! [71].

PPhy PPhg PPhg
| . ROH | .Cl  R[,2(NHMe)y] | .
—~ RS L —F~
oc” | B(OR), oc” | BCl oc” | BI1,2-(NMe)z]R
PPhs PPh; PPhg
8.125:R=H 8.124 8.128: R = CgH4
8.126: R = Me 8.129: R = CoH,
8.127: R = Et

Scheme 14 Generation of osmium alkoxy- and aminoboryl complexes via the reaction of
dichloroboryl system 8.124 with nucleophiles

Interestingly, diethoxyboryl complex 8.127, also proves to be a useful sub-
strate for boron-centred substitution chemistry in the presence of added
trimethylsilyl chloride. Thus, the cyclic dialkoxyboryl systems Os{B(1,2-
0,C,Hy) }CI(CO)(PPh3), (8.130) and Os{B(1,2-0,C3Hs)}CI(CO)(PPh3),
(8.131) (Scheme 15) have been synthesized from 8.127 in the presence of two
equivalents of Me3SiCl [72]. The use of a single equivalent of silane leads
to the formation of tethered mono-substituted complexes (vide infra). The
longer Os—B distances measured for 8.130 and 8.131 [2.043(4) and 2.062(9) A,
respectively] compared to 8.104 are also consistent with the poorer 7 accep-
tor properties of alkoxyboryl ligands compared to their aryloxy counterparts.
This trend is further reflected in the lower carbonyl stretching frequencies for
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Scheme 15 Generation of bidentate osmium boryl complexes from reaction of 8.127 with
diols

8.130 and 8.131 (1912 and 1904 cm™!, respectively) than 8.104 (1923 cm™).
The differences in bond lengths and carbonyl stretching frequencies be-
tween 8.130 and 8.131 imply that the five-membered cyclic boryl ligand is
a marginally better = acceptor than the six-membered cyclic boryl ligand.

Reaction of 8.130 with CO yields the coordinatively saturated species
0s{B(1,2-0,C,H4) }CI(CO), (PPh3), (8.132, Scheme 15), allowing direct com-
parison between otherwise identical five-coordinate and CO-ligated six-
coordinate complexes. The molecular structure of 8.132 reveals an approxi-
mately octahedral geometry, with the boryl ligand situated trans to CO. The
Os-B distance measured for 8.132 [2.179(7) A] is significantly longer than
that for 8.130 [2.043(4) A], where there is no competing o-donor, w-acceptor
ligand in the trans position [72].

6.3.2
Tethered Systems

A number of tethered osmium boryl complexes have been developed re-
cently in which one of the boryl substituents features an additional pendant
donor which coordinates to the metal centre as a “tether”. For systems re-
sulting from reactions with bifunctional donors such as 2-aminopyridine two
possibilities exist, depending on which donor atom interacts with the boron
centre and which with the metal. Thus, tethered boryl complexes result from
coordination of the anionic donor at boron, with the neutral donor tether
coordinated at osmium; the reverse coordination possibility leads to the for-
mation of intramolecular base-stabilized borylene complexes.

The first such system to be reported was an 8-aminoquinoline-stabilized
compound formed from the reaction of the base-stabilized borylene
Os(=BNHCyH¢N)Cl,(CO)(PPh3), with ethanol, thereby yielding Os{B(OEt)
NHCoHgN}CI(CO)(PPhs), (8.133) [110]. A more widely applicable route
to such systems involves the use of dichloroboryl complex 8.124 as the
precursor. Reaction of 8.100 with 2-hydroxypyridine gives rise to the
pyridine tethered complex Os{BCI(OCsH4N)}CI(CO)(PPhs), (8.134), which
can further be converted to Os{BCI(OCsH4N)}I(CO)(PPh;3), (8.135) and
Os{B(ER,,)(OCsH,4N)}CI(CO)(PPhs3), [ER, = OEt, 8.136; ER, = NH"Bu,
8.137; ER,, = F, 8.138] by reaction at the osmium and boron centres, respec-
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tively (Scheme 16) [111]. The 1B NMR chemical shifts for 8.134 and 8.135
(8 = 63.0, 62.3, respectively) are downfield compared with those for 8.136-
8.138 (8p = 47.5, 46.0 and 48.8 respectively) due to the poorer w-donating
ability of chloride compared to alkoxo, amino or fluoro substituents. This is
also reflected in the differing values for the carbonyl stretching frequencies
for these complexes [e.g. 1911, 1895 and 1887 cm! for 8.134, 8.136, 8.137,
respectively]. The solid-state structures of 8.135 and 8.137 allow for further
analysis of the bonding characteristics of these tethered boryl systems which,
as with related non-tethered complexes, is consistent with a “competitive
m-bonding model”. Thus, the Os-B distance in 8.135 [2.039(4) A] is much
shorter than that for 8.137 [2.075(3) A], the chloroboryl ligand in 8.135 being
a better 7w acceptor than the amino-substituted boryl ligand in 8.137. The B—O
distance for 8.135 [1.417(5) A] is correspondingly shorter than that in 8.137
[1.445(4) A], a reflection of the poorer 77-donating ability of the Cl compared
to NH"Bu.

PhsP @ PhsP @ PhsP @
lin,,. ‘/ b HI Clo.. ‘/ X R,EH Clun., \'/

Os Os O
/ / Os
oc” | \? oc” | \Elz oc”™ | ~g”
PhaP PhP PP Lo
8.135 8.134 .

8.136: ER,, = OFt
8.137: ER,, = NH"Bu
8.138: ER,=F

Scheme 16 Substitution at either osmium or boron centres in tethered boryl complex
8.134

The analogous 2-aminopyridine-tethered boryl complex Os[BCl
(NHCsH4N)]CI(CO)(PPh3), (8.139) has also been prepared from 8.124 [112].
Further reaction yields the related systems Os{BCI(NHCsH4N)}X(CO)(PPhs),
[X = Br, 8.140; X = H, 8.141; X = OH, 8.142] and [Os{B(OR)(NHCsH,N)}
L(CO)(PPh;),][SbFs] [R = H, L = MeCN, 8.143; R = Et, L = CO, 8.144]
(Scheme 17). Interestingly, and in contrast to 8.134, 8.139 is found to be
more inert to nucleophilic attack at the boron centre, presumably due to
the better m-donating ability of amino over aryloxy substituents render-
ing the boron less electrophilic in the amino-tethered boryl system [111].
The Os-B distances for 8.140 [2.047(7) and 2.053(8) A] and the correspond-
ing compound 8.135 derived from 2-hydroxypyridine [2.039(4) A] are also
an indication of greater E—~B (E = N, O) m-donation in the amino case;
this is additionally reflected in the differences in B—Cl lengths for these
complexes [1.811(7) and 1.812(9) A for 8.140; 1.773(4) A for 8.135). Further-
more, the lengthening of the Os—B distance in the cationic hydroxyboryl
complex 8.143 [2.105(4) A] compared to neutral system 8.142 [2.085(3) A]
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Scheme 17 Tethered aminopyridyl systems 8.139-8.144

suggests the participation of an Os— B m interaction in the bonding of these
compounds.

Finally, the ethanediolate-tethered boryl system Os[B(OEt)(OC,H4OH)]
Cl(CO)(PPhs3); (8.145) prepared from the corresponding diethoxyboryl com-
plex and ethane-1,2-diol in the presence of a single equivalent of trimethylsi-
lyl chloride, features an approximately octahedral coordination geometry and
an Os—B distance [2.107(4) A] towards the longer end of the range measured
for tethered osmium boryl complexes [72]. The molecular structure also re-
veals a hydrogen-bonding interaction between 8.145 and an ethanol molecule
in the solid state.

7
Group 9 (Cobalt, Rhodium and Iridium)

Complexes of the group 9 metals, especially rhodium and iridium, represent
one of the more numerous families on which a systematic appraisal of struc-
ture/bonding properties for the boryl ligand can be based. In part, this reflects
the involvement of such systems not only in earlier work on metal-catalyzed
hydroboration chemistry [2-5, 35, 113-123], but in more recent studies of di-
boration [124, 125], and the activation of C-H bonds in both saturated [9, 10,
126-135] and unsaturated hydrocarbons [9, 10, 50, 51, 127, 129, 134, 136-159].

The range of group 9 mono-, bis- and tris(boryl) complexes discussed be-
low provides a useful structural basis on which to discuss the trans influence
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of the boryl ligand, together with more specific issues such as geometric pref-
erences in 5-coordinate systems, and the structural and chemical significance
of residual B- - -H interactions in boryl hydride complexes. Experimental re-
ports have been complemented by a number of quantum chemical studies of
group 9 boryl complexes, targeting aspects of both structural and reaction
chemistry [14, 15, 50,51, 113, 118-121, 128, 134, 135, 138, 151-153, 160-162].

Of related interest, but not strictly of relevance to the material de-
scribed here, are a number of M—B donor/acceptor complexes featuring
a group 9 metal as the donor atom, reported principally by Hill and co-
workers [163-167].

71
Cobalt

In comparison to its heavier congeners, rhodium and iridium and its pre-
decessor iron, the coordination chemistry of cobalt with boryl and re-
lated ligand systems represents a numerically small area (Table 8). Although
boryl and borylene systems stabilized by B-coordination of an external
base have been reported by Fehlner, Puddephatt and Shimoi [168-171],
and a number of cobalt-containing species were reported by Schmid and
Noth [1], structurally characterized three-coordinate ligand systems are
restricted to just four examples [160, 161]. The paramagnetic 17-electron
bis(boryl) systems (Me3P)3Co(Bcat); (9.1), (Me3P)3Co[B(4-Mecat)], (9.2) and
(PhMe;,P)3Co(Bcat); (9.3) have been synthesized by a common synthetic route
(Scheme 18) involving B-B oxidative addition to Co(0) phosphine precur-
sors [160, 161]. Mirroring chemistry reported earlier for rhodium [14], the
18-electron mono(boryl) system (MesP)sCo(Bcat) (9.4) has been prepared
from (Me3P)4CoMe and B;cat,.

Table 8 Selected data for structurally characterized cobalt boryl complexes

Compound dM-B) (A) Other data Refs.
(MesP)4Co(Bcat) (9.4) 1.949(2) 8p 52.5 [160, 161]
(Me3P)3Co(Bcat); (9.1) 1.945(11) B-.-B2.185A [160, 161]
1.970(11) B—Co-B 67.9(4)°
(MesP)3Co[B(4-Mecat)],? (9.2)  1.947(6) B---B 2211, 2.192A (160, 161]
1.966(5) B—Co-B 68.8(2), 68.1(2)°
1.954(6)
1.960(6)
(PhMe,P)3Co(Bcat), (9.3) 1.948(3) B-.-B2271A [160, 161]
1.955(3) B—Co-B 71.2(1)°

# Two crystallographically independent molecules
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Scheme 18 Syntheses of the 17-electron cobalt(II) boryls 9.1-9.3 by B — B oxidative add-

ition

Bis(boryl) complexes 9.1-9.3 have each been shown in the solid state
to feature a distorted square pyramidal coordination environment simi-
lar to that observed for 16-electron rhodium(III) species of the type
(R3P),RhCI(BX;), (vide infra), with the important difference that in 9.1-9.3
both boryl ligands occupy basal coordination sites [15,115,172]. Of sig-
nificant structural interest are the acute B—Co-B angles [67.9(1)-71.2(1)°
c.f. 77.8(7)° for cis-(PhsP),Pt(Bcat),] and relatively short B- - -B separations
[2.185-2.271 A c.f. 1.678(3) A for B,cat, and 2.552 X in cis-(PhsP),Pt(Bcat), ]
which attest to a degree of residual B---B interaction. Although the boron
centres remain trigonal planar [sum of angles = 359.4°(mean) for 9.1], the
relative orientation of the two boryl ligands is such that the two 7 systems
face one another, providing a geometric basis for overlap of the boron p, or-
bitals. Consistent with this, molecular orbital analysis using DFT methods
reveals a weak B - -B interaction and a contribution to boryl ligand binding
from a three-centre CoB, interaction.

9.1-9.3 also represent rare examples of paramagnetic boryl complexes [173,
174]; ESR studies of 9.2 reveal that the unpaired electron occupies an or-
bital (the SOMO) with significant Co d,> character, with no measurable spin
density at boron [161]. Indeed, further studies have suggested that the anti-
bonding character of this SOMO with respect to the apical ligand is a key
factor in the boryl ligands occupying basal coordination sites [15]. Occupa-
tion of the apical site by the weaker o donor PMe; ligand (c.f. Bcat) means
that the SOMO is less elevated in energy and the complex more stable than
it would be with the boryl ligand in the apical site. The differences in ligand
positions compared to 16-electron distorted square pyramidal systems are
thus explained, since with one electron fewer, this orbital is unoccupied and
the Bcat ligand can then occupy the apical site typical of strong o donors [15].

7.2
Rhodium

Rhodium boryl complexes have been the subject of intense research effort, re-
flecting not only fundamental issues of structure and bonding but also their
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Table9 Selected data for structurally characterized rhodium boryl complexes

Compound d(M-B)  Other data Refs.
A)

(Me;P)4Rh(Bcat) (9.5) 2.047(2)  8p 35.2 [176,

177]

(Me3P)3Rh(Cl),(Bcat)-mer,cis (9.7) 2.913(2) Rh-Cl 2.536(1) A trans to Bcat  [178]
Rh—Cl 2.412(1) A trans to PMes

Sp 40.1
Cp*Rh(H), (SiEt3)Bpin (9.16) 2.038(5) B---H 1.74(4) A [162]
H-Rh-B 55.7(16)°
5p 40
Cp*Rh(H)(Bpin)P(p-tol); (9.19)  2.029(4) B---H 2.23(3) A [128]
H-Rh-B 79(1)°
g 42.3
(‘Pr3P),RhH(C1)(Bcat) (9.9) 1.965(2) B---H 2.01(2), 2.004(10) AP [14,
1.973(7)® H-Rh-B 70.9(8), 68.5(4)° ® 114]
g 37.7
(‘Pr3P),RhH(CI)(Bpin) (9.10) 1.981(2) B---H 2.02(2), 2.013(5) AP (14,
1.985(4)® H-Rh-B 70.0(8), 67.8(2)°® 127]
g 31.8
(Ph3P),RhCl(Bcat), € (9.11) 1.954(4)¢ B-Rh-Cl 118.9(1)¢, 162.1(1)°f  [115]
2.008(4)f s538.4
(Ph3P),RhCl(Bcat), 4 (9.11) 1.956(8)¢ B-Rh-Cl 117.5(2)¢, 163.4(2)°f  [115,
2.008(7)f 172]
(Ph3P),RhCI(B-4-Mecat), (9.12)  1.906(13)¢ B-Rh-Cl 118.9(3)¢, 160.2(4)°f  [172,
2.034(12)f §g 40.3 179]
(Et3P),RhCIl(Bcat), (9.13) 1.973(2)¢ B-Rh-CI 132.3(1)¢, 152.3(1)Of [172]
1.994(2)f g 39.7
Cp*Rh(H),(Bpin), * (9.17) 2.055(7)- B---H 1.57(5)-1.70(6) A [128]
2.081(6) H-Rh-B 49(2)-54(2)°
Sp 40.4
Cp*Rh(Bpin),PEt3? (9.20) 2.028(1)- 8p 41.3 [128]
2.033(1)
(MesP)sRh(Bcat)s (9.6) 2.055(4)  Sp 46.8 (176,
2.053(4) 177]
2.061(4)
Cp*Rh(H)(Bpin); 2 (9.18) 2.056(3)- B---H 1.53(3), 1.69(3) A [128]
2.078(3) H-—Rh-B 48(1)-54(1)°
g 39.9
(dippe)Rh(u-H), (14-Bcat)- 2.057(8)8 &g 35.0 [113]
Rh(H)(dippe) (9.21) 2.444(9)h

Two crystallographically independent molecules
Determined from neutron diffraction data

As the tetra dichloromethane solvate

As the tris 1,2-dichloroethane solvate

For the apical boryl ligand

For the basal boryl ligand

For the Rh(III)-B bond

a
b
C
d
e
f
g
b For the Rh(I)-B bond
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Scheme 19 The continuum of electronic structure between limiting descriptions of
rhodium complexes as boryl hydrides or as o boranes

implication as catalytic intermediates in important organic transformations
(notably hydroboration and CH functionalization processes). From a struc-
tural standpoint, boryl compounds of rhodium have emerged as one of the
key proving grounds for establishing the fundamental properties of the boryl
ligand e.g. its strong o donor properties and high trans influence (Table 9).
More recently much interest has focused on complexes containing both hy-
dride and boryl ligands, and the relative merits of their description as boryl
hydrides or as o-borane complexes (Scheme 19). In particular relatively short
B. - -H contacts and narrow H-Rh-B angles have been taken as indications of
residual BH interaction.

7.2.1
Complexes Without Ancillary Hydride Ligands

A range of five- and six-coordinate rhodium(I) and rhodium(III) mono-, bis-
and tris(boryl) systems have been reported by Marder and co-workers, which
provide a useful platform to discuss the fundamental properties of boryl
ligands, notably their trans influence (o donor properties) and potential as
m-acceptors. The structural features of several of these systems were reviewed
in 1998 [11] and these (along with new systems) are assessed in the light of
more recent theoretical studies [15, 175].

The 18-electron mono-boryl complex (MesP),Rh(Bcat) (9.5) was ini-
tially reported in 1997 from the reaction of (Mes3P)sRhMe with Bjcat;
(Scheme 20) [176], a route subsequently adopted for the corresponding cobalt
complex (Me3P)4Co(Bcat) (9.4) [160, 161]. Both compounds adopt the trig-
onal bipyramidal structure which is prevalent for 18-electron MLs systems,
with the boryl ligand occupying one of the apical coordination sites. Theor-
etical studies have shown that in such trigonal bipyramidal systems, strong
o-donor ligands have a preference for the apical coordination site, while
m-acceptors prefer the equatorial sites [178]. Thus, superficially, the overall
geometries of 9.4 and 9.5 might be considered as evidence for the Bcat lig-
and having strong o donor and weak m-acceptor properties. That said, there
is some indication of shortening of the Co—B and Rh-B bonds [1.949(2) and
2.047(2) A, respectively] compared to the bond lengths expected on the basis
of the respective covalent radii (2.00 and 2.09 A) [11]. Computational studies
on model systems related to rhodium complex 9.5 have shown that the alter-
native structure, featuring an equatorial boryl ligand, lies some 14 kcal mol™!
higher in energy than the axial isomer [15]. This in turn is related to the form
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Tcat
Bocat " 9.4:M = Co
(MegP)sMMe ————2 Mesp—M:-""PMe  g'5: M R
-MeBcat \PMes
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F, Bocat,, -PMes

Bcat
JBeat
MesP——M——Bcat 9.6: M = Rh
MesP
PMe:;

Scheme 20 Formation of cobalt and rhodium mono- and tris(boryl) systems 9.4-9.6 from
methylmetal precursors

of the HOMO, which is shown to have significant o* character with respect to
the equatorial ligands. Thus, occupation of an equatorial site by the stronger
o-donor ligand (i.e boryl rather than phosphine) will cause significant desta-
bilization through elevation of the HOMO.

An octahedral coordination environment has been deduced crystal-
lographically for the rhodium(III) mono(boryl) species mercis-(MesP)3
Rh(ClI);Bcat (9.7), which along with its dibromo counterpart has been
synthesized by the reaction of (Me3P)3;RhCl with ClBcat (or BrBcat), fol-
lowed in the latter case by halide redistribution [177]. Further evidence for
the strong trans influence of the Bcat ligand is obtained from the fact that
it is located trans to the weakest donor ligand (i.e. chloride) and that the
Rh—Cl distance trans to Bcat [2.536(1)A] is significantly longer than that
trans to PMe; [2.412(1) A]. The effect of the ligand trans to the Bcat moiety
on the Rh-B interaction can also be addressed: Rh—B distances of 2.013(2)
and 2.047(2) A for 9.7 and 9.5 reflect the presence of trans chloride and PMe;
ligands, respectively.

A range of five-coordinate bis(boryl) systems have also been synthesized
primarily via oxidative addition of diboron(4) precursors to rhodium(I) cen-
tres (Scheme 21). These complexes typically adopt distorted square pyrami-
dal geometries with one apical and one basal boryl ligand [15, 115,172]. As
such, they offer the opportunity to compare the bonding characteristics of
boryl ligands with/without a competing trans ligand. These MLs systems typ-
ically have formal electron counts of 16, for which both square bipyramidal
and Y-shape distorted trigonal bipyramidal structures are conceivable. That
the former structural model offers the best description for boryl systems
9.11-9.13 is consistent with studies of the related 16-electron five-coordinate
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Scheme 21 Synthetic routes to the crystallographically characterized rhodium boryl hy-
dride and bis(boryl) complexes 9.8-9.13

osmium boryl complexes (PhsP),0sCI(CO)(BX;) (see Sect. 6.3) [12], and
reflects the strong o donor properties of the boryl ligand. That the 16-electron
rhodium boryl hydrides 9.9 and 9.10 adopt structures better described as
intermediate between square pyramidal and the alternative trigonal bipyra-
midal limit, is thought to reflect the presence of weak B- - -H interactions (vide
infra) [14,15,114,127]. In the cases of compounds 9.11-9.13 the possibility
of any residual interaction between the two boryl ligands (of the type found
in the 17-electron cobalt systems 9.1-9.3) can be eliminated by consideration
that the two BO, planes are essentially perpendicular.

Inspection of the Rh—B bond lengths for the bis(triphenylphosphine) sys-
tems (Ph3P),RhCl(Bcat), (9.11) and (Ph3P),RhCl(B-4-Mecat), (9.12) reveals
that in each case the bond length involving the apical boryl ligand [1.955
(mean), 1.906(13) A, respectively] is significantly shorter (2.6% for 9.11, 6.3%
for 9.12) than that involving the corresponding basal ligand [2.008 (mean),
2.034(12) A]. Such a trend might be expected simply on the basis of the lack
of a competing trans o donor, the influence of which on Rh-B bond lengths
has already been noted (vide supra). Alternatively, it has been suggested that
the degree of m back-bonding available to the apical boryl ligand in such an
environment would also be augmented [11,172]. As such, the apical Rh-B
bond lengths are significantly shorter (8.8% for 9.12) than the sum of the rel-
evant covalent radii (2.09 A) [11]. The corresponding bis(triethylphosphine)
complex 9.13 has a geometry which is slightly further distorted toward
Y-shaped trigonal bipyramidal (as indicated by smaller differences between
the “apical” and “basal” Rh-B distances and Cl-Rh-B angles); interestingly
attempts to form the analogous PMes complex by phosphine exchange from
9.11, lead instead to the formation of the six-coordinate bis(boryl) cis,mer-
(MesP)3RhCl(Bcat), (9.14), presumably on steric grounds [172]. Exchange
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chemistry can also be effected on the boryl ligands themselves. Thus, reaction
of 9.11 with B,(4-Mecat), in dichloromethane solution generates a mixture
of three species: 9.11, 9.12 and the mixed boryl complex (Ph3;P),RhCI(B-
4-Mecat)(Bcat), 9.15. A o-bond metathesis process has been suggested as
a possible mechanism for this exchange [179].

Tris(boryl) complexes of group 9 metals have been shown to be impli-
cated in arene borylation processes [136, 137]; notwithstanding this, only one
structurally characterized Rh(III) tris(boryl) complex has been reported to
date [176]. (Me3P)sRh(Bcat)s (9.6) is generated according to the chemistry
outlined in Scheme 20, either directly from (Mes;P);RhMe and two equiva-
lents of B;cat;, or from the mono(boryl) complex (Me3P)4Rh(Bcat) (9.5) and
a single equivalent of the diboron reagent. The corresponding reaction with
(Me3P)4Co(Bcat) (9.4) does not appear to go to completion [161]. The fac co-
ordination geometry provides further evidence for the strong trans influence
of the Bcat ligand.

7.2.2
Complexes Containing Ancillary Hydride Ligands

Reflecting their historical origins in the studies of CH functionalization and
hydroboration, respectively, crystallographically characterized rhodium bo-
ryl hydrides can be sub-divided into two broad categories: (i) half-sandwich
formally Rh(IIT) or Rh(V) systems featuring a three- or four-legged piano-
stool geometry; and (ii) Rh(III) systems featuring bis(phosphine) ancillary
ligand sets and a distorted trigonal bipyramidal coordination geometry.

The complex Cp*Rh(H), (SiEt3)Bpin (9.16: Fig. 28) offers a number of dis-
tinct potential bonding situations, for example a description as a formally
Rh(V) silyl(boryl)bis(hydride) or as a Rh(III) system featuring a sigma-
bound borane, silane or dihydrogen ligand. Crystallographic, computational
and reactivity studies reported by Hartwig and co-workers are consistent with
a significant residual BH interaction [162]. Thus, one of the hydride ligands
located crystallographically is measurablK distorted towards the Bpin moi-
ety; the two Rh—H distances differ by 0.3 A, and one of the H-Rh-B angles is
significantly more acute than the other [55.7(16) vs. 67.9(14)°]. Although the
shorter B. - -H separation [1.74(4) A] is still markedly (ca. 0.4 A) longer than
the range of distances reported for o-borane complexes [25-27, 59, 100, 101],

e

Rh
pinB. :\ “SiEty
HH

Fig.28 Rhodium complex 9.16: a system containing boryl, silyl and hydride ligands
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it is however, much shorter than that measured for (iPr3P)2RhH(Cl)Bpin,
[9.10, 2.013(5) A] by neutron diffraction, for which a residual B---H inter-
action has also been inferred (vide infra) [14]. Consistent with the idea of
a structurally and chemically significant B- - -H interaction, addition of phos-
phine to 9.16 leads primarily to the elimination of borane (rather than silane)
and the calculated potential energy surface for shortening of the B. - -H dis-
tance is significantly flatter than that for Si- - -H shortening.

A range of related formally Rh(V) species, of direct relevance to alkane
functionalization chemistry has been synthesized from Cp*Rh(n4—C6Me6) by
B-H oxidative addition processes (Scheme 22) [128]. In common with the
mixed silyl boryl complex 9.16, bis- and tris(boryl) species Cp*Rh(H),(Bpin),,
9.17, and Cp*Rh(H)(Bpin)s, 9.18, also eliminate HBpin on addition of phos-
phine, in this case yielding Cp*Rh(H)(Bpin)P(p-tol)s, 9.19, and Cp*Rh(Bpin);
PEts, 9.20, respectively. Furthermore, both 9.17 and 9.18 not only convert
arenes and alkanes to the corresponding boronate esters, but can also be
observed spectroscopically in the corresponding catalytic reactions using
Cp*Rh(n*-CsMes) and HBpin. As in the case of 9.16, NMR, crystallographic
and quantum chemical data for 9.17 and 9.18 are consistent with the pres-
ence of structurally significant B-H bond character. Thus, the asymmetric
positioning of each of the two hydride ligands with respect to the neigh-
bouring boryl groups in 9.17 [short B. - -H distances: 1.57(7)-1.70(6) A, long
B-.-H distances: 2.13(5)—2.30(6)&; narrow H-Rh-B angles: 49(2)-53(2)°,
wide H-Rh-B angles: 72(2)-79(2)°] is consistent with significant residual
B-H bonding. Computational studies are also consistent with B-H interac-

; Excess HBpin ;| Neat HBpin ;I

|
Rh Rh —_— Rh
l & cyclohexane, hv pinB.” :\ " Bpin pinB £\ ~Bpin
Q HH 917 H Boin g 18
P(p-tol)s | -HBpin PEt3 | -HBpin
Rh An
(ptol)sP” | “Bpin Et;P” | “Bpin
H' 919 Bpin 920

Scheme 22 Interplay between formally Rh(III) and Rh(V) boryl complexes: formation
of bis- and tris(boryl) complexes 9.17 and 9.18 via B-H oxidative addition, and their
subsequent reactions with phosphine via B — H reductive elimination
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tions between each of the boryl ligands and one of the two adjacent hydride
ligands. Similar studies on tris(boryl) complex 9.18 also imply the presence of
a measurable B—H interaction between the lone hydride ligand and one of the
adjacent boryl moieties [short B- - -H distances: 1.55(3), 1.69(3) A, long B- - -H
distances: 1.99(3), 2.00(3) A; narrow H-Rh-B angles: 48(1), 54(1)°, wide
H-Rh-B angles: 66(1)-69(1)°]. Furthermore, the residual B-H interactions
in compounds 9.17 and 9.18 are not only of relevance to their ground-state
structures, but have also been shown computationally: (i) to facilitate the dis-
sociation of borane thereby forming the reactive intermediate which brings
about C-H bond cleavage; and (ii) to stabilize the transition state for C-H
bond cleavage. These factors, together with the thermodynamic incentive of
strong B-C bond formation and the existence of a formally unoccupied or-
bital on the boryl ligand (which provides rapid kinetics for B-C reductive
elimination) are thought to be key factors in catalytic alkane functional-
ization by these rhodium-based systems. Phosphine-substituted system 9.19
features a much longer Rh—H distance [2.23(3) A] and a much wider H-Rh-B
angle [79(1)°] than either 9.17 or 9.18 and has been formulated as a con-
ventional Rh(IIT) boryl hydride. A similar description as a Rh(III) bis(boryl)
complex pertains for 9.20.

Residual B---H interactions between mutually cis boryl and hydride lig-
ands have also been shown to be relevant in bis(phosphine) rhodium(III)
systems of the type (R3P),RhH(CI)[B(OR);] (Scheme 21). Such systems have
been shown to be of relevance in the functionalization of organic molecules
via a number of approaches, including hydroboration and CH functionaliza-
tion [127]. The gross structural features of (‘Pr3P),RhH(Cl)Bcat (9.9) were
first established in 1991 [114], namely a distorted trigonal bipyramidal co-
ordination geometry featuring apical phosphine ligands and a torsion angle
between the CIRhB and BO; planes of 14.9°. Unfortunately the location of
the hydride ligand could not be established in this initial crystallographic
study, with its presence being inferred from the CI-Rh-B angle [137.5(2)°]
and from NMR data in solution. More recent work from the group of Marder
has shown that the related complex (iPr3P)2RhH(Cl)Bpin (9.10), which is
formed readily from (‘Pr3P),RhCI(N,) and HBpin at 140 °C, functions as
a precursor to the active catalytic species in the rhodium-catalyzed boryla-
tion of aryl and benzyl CH bonds [127,134]. As a consequence, a combi-
nation of low-temperature neutron and X-ray diffraction experiments and
DFT calculations have been brought to bear to provide accurate structural
data for the key compounds 9.9 and 9.10 [14]. These studies, which have
provided the first accurate location of a hydride ligand in a metal boryl hy-
dride species, also show that the gross structures of both compounds lie
approximately midway between the limiting Y-shaped trigonal bipyramidal
and distorted square planar structures typically observed for five-coordinate
d® systems [15,180]. Several key structural parameters for the superficially
similar systems 9.9 and 9.10 are, however, found to differ markedly. Thus,
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the torsion angle between CIRhB and BO, planes for 9.9 (14.9°) reflects
a near co-planar alignment, while that for 9.10 (81° by X-ray; 82° by neutron
diffraction) reflects a near perpendicular orientation; the CI-Rh-B angles
also differ markedly between the two compounds [137.9(5) and 117.73(4)°
for 9.9 and 9.10, respectively]. Despite these differences, the H-Rh-B an-
gles [68.5(4) and 67.8(2)° for 9.9 and 9.10] and B- - -H separations [2.004(10)
and 2.013(5) A] measured from the neutron data, are remarkably similar. In
comparison with known o-borane systems and even with the half-sandwich
rhodium systems 9.17 and 9.18, however, the B- - -H contacts measured for 9.9
and 9.10 attest to a modest interaction between the hydride and boryl lig-
ands, and consequently to a predominant description as rhodium(III) boryl
hydrides.

Interestingly, the difference in ligand orientation between Bpin and Bcat
systems is found to be mainly steric in origin. In the case of Bpin sys-
tem 9.10 the perpendicular orientation allows for interaction of boryl and
hydride ligands via the formally vacant BO, n* orbital (to which the B
2p. orbital is a major contributor) in a manner reminiscent of conven-
tional boron-containing Lewis acids. In the case of Bcat system 9.9, however,
the near coplanar arrangement of CIRhB and BO; planes means that the
B- - -H interaction involves the perpendicular BO, o* as the acceptor orbital
(Fig. 29) [154].

Cl Cl
AN
M

g rQ
CE B

Fig.29 B---H interactions featuring (left) the BX; o* MO as the acceptor orbital (as in
Bcat complex 9.9) and (right) the BO, 7* as acceptor (as in Bpin complex 9.10)

Finally, recent work has examined in detail the kinetics of the fundamen-
tal B-H oxidative addition step which leads to the formation of rhodium(III)
[and ruthenium(II)] boryl hydrides. Conversion of fac-(triphos)Rh(H)s into
fac-(triphos)Rh(H),(Bpin) via sequential H, reductive elimination/HBpin
oxidative addition was induced by laser flash photolysis and kinetic data
determined from UV measurements. Thus, an extremely high second-order
rate constant was determined for the reaction of the 16-electron intermediate
(triphos)Rh(H) with HBpin in THF (2.3 x 10® mol™' s dm?) [181].

7.23
Semi-Bridging Ligands

Rhodium also provides a very rare crystallographically characterized ex-
ample of a boryl ligand adopting a semi-bridging mode of coordination
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Fig.30 Structures of dinuclear rhodium and platinum complexes featuring semi-bridging
Bcat ligands

between two metal centres [76,113,182]. Here too an auxiliary interaction
involving the Bcat ligand has been identified, in this case involving a sec-
ond rhodium centre. Reaction of [(dippe)Rh(u-H)], with HBcat initially
generates the mixed valence Rh(I)/Rh(III) boryl hydride (dippe)Rh(u-H); (-
Bcat)Rh(H)(dippe) (9.21: Fig. 30). The structure and bonding in 9.21 have
been analyzed with the aid of DFT calculations carried out on model sys-
tems [113]. Starting from an initial description in which the semi-bridging
Rh(I)- - -B interaction is ignored, the two metals can be described as a dis-
torted square planar d® Rh(I) centre and a distorted octahedral d® Rh(III)
boryl hydride. The interaction between the two rhodium centres is exclu-
sively via the bridging hydride ligands and the Rh(I)---B interaction can
then be described in terms of a Lewis acid/base interaction with the filled
dp orbital at the square planar Rh(I) centre acting as the donor compon-
ent and the formally vacant p orbital at boron as the acceptor. Indeed,
this type of metal Lewis acid/borane Lewis base interaction is reminiscent
of that found in group 9 metal boratranes [163-165,167] and in recently
reported examples of late transition-metal complexes of PBP ambiphilic
ligands [166].

7.3
Iridium Complexes

As with rhodium and platinum, iridium boryl systems have proved to be
a valuable structural proving ground on which to establish fundamental prop-
erties of the BX;, ligand (Table 10). In a manner also mimicking rhodium,
a significant body of work has emerged more recently due to the implication
of iridium boryls in hydrocarbon activation [10, 126, 129, 136-148, 150, 151,
155-159]
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Table 10 Selected data for structurally characterized iridium boryl complexes

Compound d(M-B)  Other data Refs.
A)
(Me3P)sIrH(CL)(Bcat)-mer (9.22)  2.023(10) Ir-P 2.351(2) A trans to H; [117]
2.304(2), 2.307(2) A
Sp 32.8

(Me3P)3IrCl(Br)(Bcat)-mer? (9.24) 2.035(8) Ir-P 2.268(2), 2.274(2) A trans [178]
2.023(8)  to Cl; 2.352(2), 2.357(2), 2.357(2),
2.341(2) A
(MesP)sIr(Br),(Bcat)-mer® (9.25) 2.012(16) Ir-P 2.266(3), 2.277(3) A trans [178]
2.026(16) to Br; 2.357(4) 2.366(4), 2.354(4),

2.345(4) A

ég 22.5
(Ph3P),(OC)IrH(Cl)(Bcat)-trans®  2.045(5)  Ir—P 2.330(1), 2.335(1) A [116]
(9.26) g 30.8
(MesP)sIr(H);(9-BBN)-fac (9.27) 2.093(7) Ir-P 2.345 A trans to boryl; [35]

2.288, 2.304 A

Sp 106.2
(MesP);IrCl[B(F)(biph)]* [BPhs]~ 2.00(1) Ir-P 2.348(3) A trans to boryl; [173,
(9.28) 2.432(3) A trans to aryl 174]

2.333(4) A trans to chloride
Cp*Ir(H)3;Bpin (9.30) 2.047(4) g 36.0 [129]
(Me3P)sIr(Cl)(Bcat),-mer (9.23)  2.080(6) Ir—P 2.399(1) A trans to Bcat; [183]

2.024(6)  2.322(1), 2.329(1) A
op 41.7, 32.6

(Et3P),Ir(Cl)(Bcat),-trans (9.31)  1.991(6)¢ B-Rh—Cl 132.9(2)¢, 150.4(2)°4 [172]
2.004(6)¢ 85 30.1

[(tbbpy)(cod)Ir(Bpin), ]*[OTf]~  2.06(2) 5p 34 [136]
(9.33) 2.12(2)
(n5-toluene)Ir(Bcat)s (9.34) 2.018(5) B-Ir-B 80.3(2), 83.1(2), 84.4(2)°  [137]
2.024(5) ég 37.9
2.036(4)
(n6—mesity1ene)lr(Bcat)3 (9.35) 2.016(3) B-Ir-B 81.6(1)° [137]
og 37.8
(tbbpy)(coe)Ir(Bpin)s (9.36) 2.055(7) B-Ir-B 81.7(2), 84.0(2), 84.9(2)°  [136]
2.057(6) ég 37
2.207(6)

fac-(Ph3P),(OC)Ir(BF,); (9.37)  2.066(10) B-Ir-B 80.7(2), 82.4(4), 86.2(5)°  [185]
2.083(6) g 324
2.088(5)

2 Two crystallographically independent molecules
b As the dichloromethane solvate

¢ For the apical boryl ligand

4 For the basal boryl ligand
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7.3.1
Mono(boryl) Complexes

A number of octahedral iridium mono(boryl) complexes were reported in
the period prior to 1998. These have been reviewed in detail previously [11]
and are briefly examined below, together with more recent additions. With
the exception of the 9-BBN derivative fac-(MesP)3Ir(H),(9-BBN) (9.27), the
structures of the iridium(IIT) mono(boryl) complexes 9.22, 9.24-9.26 and the
closely related bis(boryl) complex mer-(MesP)3Ir(Cl)(Bcat), (9.23) all fea-
ture a meridional arrangement of the three neutral donors [i.e. containing
mer-(R3P)3Ir or (R3P),(OC)Ir fragments] (Fig. 31). Such an arrangement of
the coordination sphere is consistent with the ligand trans influences being
ordered along the lines of H-, BX; > PR3 > ClI-, Br~ [35,116,117,178, 183].
A further direct comparison of the trans influences of the Bcat, H", PMes, Cl~
and Br~ ligands can be made by consideration of the structural parameters for
mer-(MesP)3;IrH(CI)(Bcat) (9.22), 9.23, and mer-(Me3P)3;IrBr(X)(Bcat) (9.24:
X = Cl; 9.25 X = Br). Thus, the Ir-P distance associated with the PMe;
ligand trans to the hydride in 9.22 is 2.351(2) A, while that measured for
PMes trans to Bcat in the otherwise identical coordination sphere of 9.23 is
2.399(1) A. The corresponding Ir-P distances in 9.24 and 9.25, for PMe3 trans
to chloride or bromide are reported to be 2.271 (mean) and 2.272 A (mean),
respectively [117, 178, 183]. Additionally, the Ir—P distances in 9.22 and 9.23
for the remaining pair of PMes ligands (which are trans to each other) are
2.305 (mean) and 2.326 A (mean), respectively. Thus, the available data on
these systems is consistent with Bcat not only being a significantly stronger
o-donor ligand than halide or PMej3 ligands, but also a stronger ¢ donor than
hydride. A similar conclusion can be reached by consideration of the Ir—P

M93P MBSP Me3P
H | JBeat X
o] IF—Bcat C|—/|r“ Bcat Br IF—Bcat
M63P Me3P | Me3P ’
PMes PMej PMej3
9.22 9.23 9.24: X = Cl
9.25: X = Br
PhsP MesP
\\\H \\\H
Cl——If\—Bcat MesP——Ii—B
7 7/
ocC MegP
PPhs
9.26 9.27

Fig.31 Crystallographically characterized octahedrally coordinated iridium(III) boryl
complexes 9.22-9.27
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bond lengths for the PMe; ligands trans to the boryl ligand (2.345 A) and
to the two hydrides [2.296A (mean)] in 9.27 [35]. Recent theoretical stud-
ies carried out on square planar platinum(II) boryl complexes have sought to
further rank the trans influence of a range of boryl systems with respect to
other ligands known to have strong o-donor capabilities, e.g. alkyl and silyl
ligands (vide infra) [175].

The Ir-B bond lengths in the octahedral iridium(III) mono(boryl) systems
9.22 and 9.24-9.27 fall within the range 2.012(16)-2.093(7) A.In general, vari-
ation in this distance can be correlated with the expected properties of the
ligand trans to the boryl group. Thus, in the bis(boryl) system 9.23 Ir-B dis-
tances of 2.080(6) and 2.024(6) A have been determined for the Bcat ligands
trans to PMe; and chloride, respectively [183]. Furthermore, comparison
of the bond lengths measured for Bcat ligands trans to a halide, i.e. 9.22
[2.023(10) A ], 9.23 [2.024(6) A], 9.24 [2.029 A (mean)], 9.25 [2.019 A (mean)]
and 9.26 [2.045(4) A] with (i) the sum of the covalent radii (2.10 A) [11]; and
(ii) the Ir-B distance measured for the effectively o-only bond in trans,cis-
(MesP),(OC)Ir(Br),(2-BsHg) [184], in which the boron ligand is also trans
to a halide [2.071(14) A], indicates a degree of shortening which might be
consistent with a modest Ir—B 7 interaction.

Iridium mono(boryl) species featuring a metal oxidation state of greater
than three are relatively uncommon. The Ir(IV) species (MesP)s;IrCl
[B(F)(biph)]*[BPhy]~ (9.28) produced by oxidation of the Ir(IIl) complex
(MesP);IrCl(biph) (biph = biphenyl-2,2’-diyl) by [NO]* and insertion of
a BF moiety from the [BF4]™ counter-ion, also has a mer-octahedral geom-
etry and is one of only two cationic iridium boryl systems [136, 173, 174].
Interestingly, the Ir—P distances in this case for the phosphines trans to the
aryl and boryl ligands are 2.432(3) and 2.348(3) A, respectively. Whether this
somewhat counter-intuitive ordering is due to the relative trans influences
of the aryl and boryl ligands, or is related to the geometric constraints of
the chelating biphenylboryl unit is not clear. The iridium(V) boryl species
Cp*Ir(H)2(Bpin),, 9.29, and Cp*Ir(H)3Bpin, 9.30, have been synthesized by
Kawamura and Hartwig using both oxidative addition and salt-elimination
approaches [129]. These systems are of relevance as potential intermediates in
the iridium-catalyzed functionalization of alkanes [133], and indeed both are
found to react with n-octane at 200 °C to give a ca. 50% yield of (n-octyl)Bpin
after 48 h. The crystal structure of 9.30 was obtained, although in contrast
to the structures of the related rhodium(V) species 9.17 and 9.18, location of
the hydride ligands was not possible. Nevertheless, the authors favour a de-
scription as an iridium(V) boryl tris(hydride), rather than as an iridium(III)
o-borane, o-dihydrogen or borohydride complex, principally on the basis of
sharp hydride 'H NMR resonances (even at low temperatures), and an !B
NMR signal which shows no 'H coupling and a chemical shift (55 36.0) rem-
iniscent of other iridium boryl systems (see Table 10). Additionally, the Ir-B
distance [2.047(7) A] is also within the range expected for iridium boryl com-
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plexes (Table 10), with correspondingly longer contacts being expected for
o-borane or borohydride ligands [25-27, 33, 59, 100, 101].

7.3.2
Bis(boryl) Complexes

Bis(boryl) complexes of iridium have also been isolated, primarily by exploit-
ing the oxidative addition of diborane(4) species to iridium(I) precursors.
Thus, reaction of Bjcat, with (Et3P);IrCl leads to the isolation of five-
coordinate trans-(Et3P),IrCl(Bcat); (9.31), which can be compared to the six-
coordinate complex mer-(Me3P)3IrCl(Bcat); (9.23) discussed above. As in the
case of the corresponding rhodium(III) complexes trans-(Et;P),RhCl(Bcat),
(9.13) and mer-(Me3P);RhCl(Bcat), (9.14), the differences in steric con-
straints between PMes; and PEts ligands are clearly important in deter-
mining whether a five- or six-coordinate geometry is prevalent. In con-
trast to the rhodium systems, however, Marder and co-workers report
NMR evidence for the formation of the tris(triethylphosphine) complex
(Et3P)3IrCl(Bcat); (9.32) in solution, with the expected high lability of the
phosphine trans to the Bcat ligand being responsible for the crystallization
of the bis(triethylphosphine) complex 9.31 [172]. The structure of 9.31 is
isomorphous with its rhodium analogue 9.13 discussed above, and the rela-
tively small differences between the Ir—B distances [1.991(6), 2.004(6) A] and
B-Ir—Cl angles [132.9(2), 150.4(2)°] for the two Bcat ligands reflect a struc-
ture which is similarly intermediate between square pyramidal and Y-shaped
trigonal bipyramidal [15, 172].

The structure of a further iridium bis(boryl) complex, the cationic species
[(tbbpy)(cod)Ir(Bpin), ]*[OTf]™ (9.33), together with that of a related neutral
tris(boryl) system (vide infra), has been reported as part of a study to eluci-
date the mechanism and intermediates of arene borylation chemistry [136].
9.33 features an approximately octahedral coordination geometry with mutu-
ally cis pairs of bipyridyl, diene and Bpin ligands. The two Ir-B bond lengths
[2.06(2) and 2.12(1) A] are effectively identical within the standard 3o limit.

733
Tris(boryl) Complexes

Tris(boryl) complexes have been shown to have a central role in the
iridium-catalyzed borylation of arenes [136,137]. The syntheses of the
half-sandwich iridium(III) systems (7°-toluene)Ir(Bcat)s, 9.34, and (1°-
mesitylene)Ir(Bcat)s, 9.35, were reported by Marder and co-workers in 1993,
by exploiting the reaction of (1°-Ind)Ir(cod) with excess HBcat using the
arene as a solvent. The organic products of the reactions were found not
only to include species resulting from the hydroboration or hydrogenation
of the cod or indenyl ligands, but also compounds derived from borylation
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of the solvent [137]. Ir-B bond lengths for 9.34 [2.018(5)—2.036(4)A°] and
9.35 [2.016(3) A] are within the range expected for iridium(III) boryl linkages
(Table 10) and the B—Ir-B angles [80.3(2)-84.4(2)° for 9.34; 81.6(1)° for 9.35]
are as expected for three-legged piano-stool complexes of this type. There is
no hint, based on the B---B distances or on the relative orientations of the
BO; ligand planes of any intramolecular B---B interactions. The relatively
weak nature of the Ir(III) arene interaction in these complexes is evidenced by
ready reaction of 9.35 with three equivalents of triethylphosphine which gen-
erates fac-(Et3P)3;Ir(Bcat)s. More recently, the complex (tbbpy)(coe)Ir(Bpin)s
(9.36) has been reported by Ishiyama, Miyaura, Hartwig and co-workers to
be a kinetically and chemically viable intermediate in the room-temperature
borylation of arenes [136,138]. As with all known examples of group 9
tris(boryls), the strong trans influence of the boryl ligand enforces a facial
coordination geometry (Fig. 32). 9.36 is shown to be produced in high yield
from the reaction of [(cod)Ir(OMe)],, tbbpy, coe and HBpin in cyclohexane-
dy2, although in much lower yield using B;pin; as the boron source. Both
stoichiometric and catalytic arene borylation reactions are thought to feature
the intermediate (tbbpy)Ir(Bpin)s, formed by reversible dissociation of coe
from 9.36, as the active species in C-H bond cleavage. The viability of an al-
ternative intermediate, namely the Ir(I) monoboryl complex (tbbpy)Ir(Bpin),
was discounted on the basis of its much lower concentration in the catalytic
borylation system and of theoretical studies showing that the barrier to re-
ductive elimination of Bypin; from (tbbpy)Ir(Bpin)s is higher than the barrier
to C-H activation [138].

R

2, Bu
: N PhsP_ : 3
R Ir \Ir/ i \Ir/
/ ...,,,l//
catB ‘ "Beat pinB/l\Bpin FgB/l\BFZ
Bcat Bpin BF»
9.34:R=H 9.36 9.37
9.35: R = Me

Fig.32 Crystallographically characterized iridium tris(boryl) complexes 9.34-9.37

One final crystallographically characterized iridium tris(boryl) system has
been reported to date. Norman and co-workers, as apart of a study of the
coordination chemistry of the difluoroboryl ligand, have synthesized fac-
(Ph3P),(OC)Ir(BF;); (9.37) from trans-(PhsP),(OC)IrCl and B,F4 [185]. Al-
though the mechanism for the formation of 9.37 has not been definitively
established, BF,Cl has been suggested as a possible co-product, with the
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formation of 9.37 from the iridium(I) chloride starting material proceed-
ing via a combination of oxidative addition and o-bond metathesis steps.
Superficially at least, the formation of 9.37 under these conditions mir-
rors the reaction of (MesP)sRhMe with two equivalents of Bjcat, to gen-
erate fac-(MeszP)3;Rh(Bcat); (9.6) and MeBcat [176,177]. The structure of
9.37 shows the expected fac orientation of the boryl ligand set and Ir-B
bond lengths within the precedented range (Table 10). A related iridium
mono(difluoroboryl) complex was reported by Bergman and co-workers, al-
though no structural data were forthcoming [186].

8
Group 10 (Nickel, Palladium and Platinum)

The boryl chemistry of group 10 is dominated by platinum, with mono- and
bis(boryl) platinum(II) systems typically being synthesized by oxidative add-
ition of B—E bonds to low valent metal precursors. The relevance of such
oxidative addition processes to the platinum (and to a lesser extent palla-
dium) catalyzed addition of B — E linkages across unsaturated organic bonds
has been a powerful driving force for the investigation of group 10 boryl com-
plexes. Thus, for example, the platinum-catalyzed diboration of alkynes and
other unsaturated C—E bonds by diboron(4) reagents [6, 187-198], has led
to the isolation of a wide range of geometrically cis bis(boryl) complexes. As
with the group 9 systems discussed above, a range of complementary quan-
tum chemical studies have sought to clarify issues of structure/bonding and
reactivity [113, 153, 175, 199-205].

8.1
Nickel and Palladium Complexes

Isolated boryl complexes of nickel are essentially unknown, there being no re-
ports in the literature of crystallographically authenticated examples, despite
the implication of nickel catalysts in the addition of B — Si bonds to unsatur-
ated substrates [206-208]. Attempts to form Ni— B bonds by exploiting the
salt elimination chemistry used widely for group 8 systems, and organon-
ickel anions such as K[CpNi(CO)] lead instead to boryloxycarbyne species,
resulting from attack at the boron electrophile by the oxygen of the ancil-
lary carbonyl ligand [44]. Such behaviour, indicative of alternative (non-metal
based) sources of nucleophilic reactivity for organometallic anions, has also
been observed for group 6 and group 8 systems [42-44, 209].

Examples of palladium boryl systems are slightly more common (four
crystallographically characterized examples, Table 11) and their reactivity,
for example with respect to alkyne insertion, has been investigated [210-
213]. The complex cis-(dmpe)Pd(SnMes)[B{N(Me)CH; },] (10.1: Fig. 33) was



Transition Metal Boryl Complexes 101

Table 11 Selected data for structurally characterized palladium boryl complexes

Compound d(M-B)  Other data Refs.
A4)
(dmpe)Pd(SnMes)[B{N(Me)CH, },]- 2.077(6) Pd—P 2.338(2) A trans to boryl [208]
cis (10.1) 2.280(2) A trans to SnMes
ép 46.9
(Me3P),PdCI[B{N(Me)CH; },]-trans 2.037(9)  8g 40.0 [207]
(10.2)
(CysP),PdBr(BNSiMes)-trans (10.4)® 1.958(3)  Pt— Br 2.553(1), 2.522(1) A [211]
1.967(3) B—N 1.251(4), 1.262(3) A
ép 22.0
Cp*Fe(112-CO)2(11y-BCL)PA(PCy3)® 2.062(4)® Fe—B—Pd 75.2(1), 75.0(1) [76]
(10.6) 2.090(4)° 5 72.2
2.095(4) ¢
2.078(4)¢

2 Two crystallographically independent molecules
b For the Pd-B bond
¢ For the Fe-B bond

“Lie,Me
[P Snies o M o M
Pd Me Pd Me P4
N NG CO,'Bu
.P\/ I‘B"“‘N MeSP/ ?'“‘N Me3P/
Me Me N\> N\> Me
© Me/ Me/ N’“"? CO,Bu
NMe
10.1 10.2 10.3
Br\ /PCY3 Mes Ol ,CI
B
M /N
—Fe_\qu—PCyg
CysP By 'aC\\‘C
NSIMGS Ie} O
10.4: M = Pd 10.6
10.5: M = Pt

Fig.33 Crystallographically characterized palladium boryl and related complexes 10.1-
10.6
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isolated by Tanaka and co-workers in 1996, as part of a study designed
to elucidate the mechanism of syn addition of boron-tin bonds to alkynes
catalyzed by Pd(0) complexes [211]. 10.1 was synthesized by the reaction
of (dmpe)PdMe; with Me3SnB{N(Me)CH,}, with concomitant generation of
SnMey and MeB{N(Me)CH,},. Structurally, the square-planar Pd(II) centre
features a cis disposition of the boryl and stannyl ligands, with the relevant
trans Pd—P distances [2.338(2) and 2.280(2)A, respectively] reflecting the
greater trans influence of the boryl ligand compared to stannyl [175,211].
The related complex trans-(Mes;P),PdCI[B{N(Me)CH;},] (10.2) has been re-
ported in a follow-up study, and the product of alkyne insertion into the Pd-B
bond (10.3) has also been structurally characterized in one case. Reaction of
CpPd(17*-C3Hs) with CI[B{N(Me)CH, },] in the presence of two equivalents
of trimethylphosphine proceeds via oxidative addition of the B—Cl bond to the
formation of 10.2. In common with the much wider range of related square
planar platinum(II) complexes containing halide and boryl ligands (vide in-
fra), and as expected on the basis of the respective ligand trans influences,
a trans configuration of the phosphine ligands is observed. The Pd-B dis-
tances measured for both 10.1 and 10.2 [2.077(6), 2.037(9) A, respectively]
are significantly shorter than the sum of the covalent radii (2.16 A) [11], and
this taken together with the near perpendicular alignment of the metal coor-
dination plane and that of the boryl ligand, is suggestive of moderate Pd-B
7 interactions [11,210]. A similar trans coordination geometry is also ob-
served for the iminoboryl complex (Cy3P),PdBr(BNSiMes) (10.4), which has
been synthesized from Pd(PCy3), and (Me3Si);NBBr; in a manner analogous
to that used for the corresponding platinum complex 10.5. Both systems are
discussed in the section on platinum complexes (below) which offers a greater
basis for comparative structural analysis [214].

Finally, the compound Cp*Fe(u2-CO);(12-BCly)Pd(PCy3) (10.6) reported
in 2005 by Braunschweig and co-workers represents a very rare example
of a metal complex exhibiting a bridging coordination mode of the boryl
ligand [76, 113, 182]. As might be expected, given the increased coordina-
tion number at boron, and the bridging mode of coordination adopted by
the BCl, ligand, the Fe-B bond length [2.087 A (mean)] is markedly longer
than that found in the parent compound CpFe(CO),BCl, [1.942(3) A] [74].
The Pd-B distance [2.076 A (mean)], on the other hand, is similar to those
reported for Pd(II) boryl complexes, despite the fact that the formal ox-
idation state of palladium in 10.6 is zero, and the boryl ligand is four-
coordinate. These observations led the authors to conclude that the Pd-B
interaction is a strong one, and that 10.6 therefore represents a unique
example of a symmetrically bridging boryl ligand [76]. Such a descrip-
tion contrasts with the highly asymmetric semi-bridging interaction of the
boryl ligand with the two adjacent metal centres found in the rhodium
complex (dippe)Rh(u-H),(u-Bcat)Rh(H)(dippe) (9.21) and the platinum
systems Pty (PPh3)(42-dppm); (Bcat)(j42-Bcat) (10.31) and Pty (k! -dppm) (142 -



Transition Metal Boryl Complexes 103

dppm), (Bcat)(u2-Bcat) (10.32) [113, 182]. An alternative description of the
bonding in 10.6 is as a o-borane complex, i.e. a Pd-B bond consisting of
a Lewis acid/base interaction in which the Pd(PCy3) fragment functions as
the donor and the boryl ligand as the acceptor component [16-165, 167, 268].
In related work, a number of structurally interesting borylene complexes fea-
turing bonds between boron and palladium have also been reported from
reactions involving Pd(PCys3); [94, 216]. These are discussed elsewhere in this
volume.

8.2
Platinum Complexes

Compared to the lighter elements of group 10, platinum boryl complexes
have received considerable attention, not least because of their implication in
the diboration of unsaturated organic substrates [6,187-195]. Much of this
chemistry has been reviewed previously [11], and mechanistic aspects of both
stoichiometric and catalytic reactions of platinum bis(boryl) systems with
alkynes have been thoroughly investigated. Platinum(II) boryl complexes also
offer useful structural and spectroscopic probes with which to interrogate
the fundamental properties of the boryl ligand (Table 12). Thus, for example
Jpe_p coupling constants offer a way of comparing the o donor properties of
boryl and other ligands trans to the phosphine of interest. Such studies have
also been complemented by recent computational studies of fundamental bo-
ryl ligand properties in platinum(II) systems [175].

8.2.1
Mono(boryl) Complexes

Crystallographically characterized platinum(II) mono(boryl) complexes have
been reported featuring both cis and trans square planar coordination ge-
ometries at the metal centre (Fig.34) [92,182,214,217,218]. In addition,
a single example of a T-shaped, three-coordinate bis(phosphine) platinum(II)
boryl system has been reported [219]. The adoption of either cis or trans
geometries for systems of the type (R3P),PtY(BX;) can be rationalized in
terms of the relative trans influences of the phosphine, boryl and Y ligands.
Given the ordering BX; > PR3 established above for rhodium and iridium
systems, complexes with the remaining ligand (Y) of weaker trans influence
than PR3 consequently adopt trans geometries [e.g. trans-(PhsP),PtCl(Bcat),
10.7]. For systems featuring a Y ligand of stronger trans influence than PR3,
a cis geometry is therefore rationalized {e.g. cis-(Ph3P),Pt(EMes)[B(NMe; ), |;
10.8: E = Ge, 10.9: E = Sn} [217,218].

The complexes 10.8, 10.9 and cis-(Ph3P),Pt(EMe3) [B(N'Pr),CeHy-1,2]
(10.10) have been synthesized by Noth and Habereder via the oxidative add-
ition of boron-tin or boron-germanium bonds to Pt(0) precursors [217].
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Table 12 Selected data for structurally characterized platinum boryl complexes

Compound d(M-B) (A)Other data Refs.
(Cy3P),PtBr(BNSiMes)-trans (10.5) 1.960(3) Pt-Br 2.552(1) A [211]

B-N 1.260(4) A

ép 25.9
(Ph3P),Pt(GeMe;)[B(NMe;),]-cis  2.139(6) Pt-P 2.377(1) A trans to boryl [214]
(10.8) 2.304(1) A trans to germyl

op 46.7

1pep 1200 Hz trans to boryl

2220 Hz trans to germyl
(Ph3P),Pt(SnMes)[B(NMe;),]-cis  2.136(4) Pt-P 2.369(1) A trans to boryl [214]
(10.8) 2.303(1) A trans to stannyl

ép 45.6

Upep 1392 Hz trans to boryl

2681 Hz trans to stannyl
(Ph3P),Pt(EMe;)[B(N'Pr),CsHs-  2.085(6)  Pt—P 2.376(1) A trans to boryl  [214]
1,2]-cis (10.10) 2.301(1) A trans to stannyl

Sp 44.7

Upep 1560 Hz trans to boryl

2448 Hz trans to stannyl

(Ph3P),PtCl(Bcat)-trans (10.11) 2.008(8)  Pt—Cl2.445(1) A [215]
op 28.7
(Ph3P),PtCl[B(NMe,)Cl]-trans 2.084(3)  Pt-Cl2.470(2) A [182]
(10.12) Sp 36.4
(Cy3P),PtBr[B(Fc)Br]-trans (10.13) 1.996(3) Pt—Br 2.614(1) A [182]
ép 82
[(CysP),Pt{B(Fc)Br}]*[BAr}]- 1.966(3)  P-Pt-P 162.96(3)° [216]
(10.14) No !B signal observed
[(Cy3P),PtBr{BFc(4-pic) }- 2.014(5)  Pt-Br 2.606(1) A [216]
trans]+[BAr£]‘ (10.15) No !!B signal observed
(Ph3P),Pt(Bcat),-cis® (10.16) 2.040(6) B---B2.552A [188]
2.058(6)  B-Pt-B 77.1(2)°
g 47.0
pep 1639 Hz
(Ph3P),Pt(Bcat),-cis® (10.16) 2.08(2) B.---B2.61A [189]

207(2)  B-Pt-B 77.9(7)°
No !B signal observed
pep 1608 Hz

(Ph3P),Pt(4-'BuBcat),-cis (10.17)  2.045(11) B---B2.554 A [188]
2.046(13) B-Pt-B 77.2(4)°
8g 50.1
pep 1621 Hz
(Ph3P),Pt(BcatCly),-cis® (10.18) 2.04(2) B---B2.616 A [215]
2.03(2) B-Pt-B 80.0(8)°
dp 51.5

pep 1608 Hz
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Table 12 (continued)

Compound

(Ph3P),Pt(Bpin),-cis® (10.19)

(Ph3P),Pt(Bped-S),-cis (10.20)

(Ph;3P),Pt(Btart-R, R),-cis (10.21)

(PhsP),Pt(Bthiocat),-cis® (10.22)

(Ph3 P)th(BFz)z-Cis (10.23)

(Ph3P),Pt[B(OMe); ],-cis (10.24)

(Ph3P),Pt[B(NMe,)Cl],-cis (10.25)

(Ph3P)(Cy3P)Pt(Bcat),-cis (10.26)

(dppe)Pt(Bcat),-cis (10.27)

(dppb)Pt(Bcat),-cis (10.28)

(dppb)Pt(BF;),-cis (10.29)

d(M-B) (A)Other data

2.076(6)
2.078(6)

2.054(4)
2.070(3)

2.052(7)
2.067(5)

2.056(4)
2.075(4)

2.052(6)
2.058(6)

2.098(4)
2.100(4)
2.076(3)
2.084(3)

2.044(4)
2.050(4)

2.048(8)
2.058(8)

2.031(8)

2.044(6)
2.047(6)

B---B2.537A
B-Pt-B 75.3(3)°
Sp 46.0

pep 1516 Hz
B---B2525A
B-Pt-B 75.5(2)°
Sp 48.2

pep 1578 Hz
B---B2451 A
B-Pt-B 73.0(4)°
Sp 48.1

pep 1634 Hz
B---B2612A
B-Pt-B 78.5(2)°
S8 72

1pep 1600 Hz
B---B2591 A
B-Pt-B 78.2(3)°
S 42.3

pep 1607 Hz

B---B2.494 A
B-Pt-B 72.9(2)°
B---B2.537A

B—Pt-B 75.2(1)°
55 50.8

pep 1434 Hz
B---B2445A
B—Pt-B 73.3(2)°
Sp 48.8

Upep 1713, 1564 Hz

B---B2.667A
B-Pt-B 81.0(3)°
S 48.9

pep 1454 Hz
B---B2514 A
B-Pt-B 76.5(4)°
S 48.9

pep 1589 Hz
B---B2.671A
B-Pt-B 81.5(1)°
S 43.9

pep 1526 Hz

105

Refs.

[190]

[187]

[187]

[215]

(185,

223]

(11]

[182]

[182]

[188]

[188]

[185]
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Table 12 (continued)

Compound d(M-B) (A)Other data Refs.
(EtsP),Pt[{B(NMe;)},(n°-CsHy)-  2.108(3) B---B2.601A [224]
(17-C7Hg)Cr]-cis (10.30) 2.096(3)  B—Pt—B 76.4(1)°
ép 60.6, 67.0
pep 1139, 1186 Hz
Pty (PPh;s)(ua-dppm)2 (Beat)(pe2- 2.04(2)¢ Pt-Pt 2.772(1) A [182]
Bcat) (10.31) 2.12(2)¢ !B resonances not reported
2.49(2)°
Ptz(Kl—dppm)(,uz—dppm)z(Bcat)(/Lz— 2.06(2)°¢ Pt-Pt 2.769(1) A [182]
Bcat) (10.32) 2.14(2)4 1B resonances not reported
2.51(2)°
2 As the benzene-dg solvate
b As the toluene solvate
¢ For the Pt(II)-B bond associated with the terminal Bcat ligand
4 For the Pt(0)-B bond associated with the semi-bridging Bcat ligand
e

For the Pt(II)-B bond associated with the semi-bridging Bcat ligand

PhsP\ /EM63 Y\ /PRs
/Pt\ /Pt\
PhaP ?...\\NRZ RaP ?..\x'
RoN X
10.8: NR, = NMey; E = Ge 10.11: BX(X') = Bcat; Y = Cl; R= Ph
10.9: NR, = NMey; E = Sn 10.12: BX(X') = B(NMe,)Cl; Y = Cl; R = Ph

10.10: NR; = (NP),CeHs-1,2, E=Sn  10.13: BX(X") = B(Fc)Br; Y = Br; R = Cy

Fig.34 Crystallographically characterized square planar platinum(II) mono(boryl) sys-
tems 10.8-10.13

Thus, for example reaction of Me3GeB(NMe;, ), with (Ph3P),Pt(C,Hy) leads
to the formation of 10.8; the corresponding bis(germyl) and bis(stannyl)
aminoboranes, however, are shown to be unreactive towards oxidative add-
ition chemistry. As with the related palladium complex 10.1, the relative
trans influences of diaminoboryl and trimethylgermyl/stannyl ligands can
be established on the basis of structural data [211,217]. Thus, the Pt—P dis-
tances for the PPhj ligands trans to the boryl moiety in 10.8, 10.9 and 10.10
are 2.377(1), 2.369(1) and 2.376(1) A, respectively, whereas the correspond-
ing Pt-P distances trans to the germyl/stannyl ligand are 2.304(1), 2.303(1)
and 2.301(1) A. A similar conclusion can be reached from an analysis of
the corresponding pep coupling constants, which are respectively 1200,
1392 and 1560 Hz (trans to boryl) and 2220, 2681 and 2448 Hz (trans to
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germyl/stannyl). Similar coupling constants for the PPhs ligands trans to
Bcat (1761 Hz) and to SnMes (2371 Hz) have been reported by Smith [192].
Finally, in each of 10.8-10.10 the boryl ligand is orientated approximately
perpendicular with respect to the metal coordination plane, as might be ex-
pected on the basis of both steric and electronic effects (vide infra). Related
cis-silyl(boryl)platinum(II) complexes have been reported by Ozawa and
co-workers and their reactivity with respect to the silylboration of alkynes
investigated [220]. Interestingly, very similar !Jpp coupling constants are re-
ported for the phosphine ligands trans to the boryl and silyl fragments in
these systems (ca. 1350-1470 Hz).

Oxidative addition of boron-halogen bonds represents a second synthetic
route used to give access to platinum(II) mono(boryl) species. In this case
the trans geometry is observed in all structurally characterized systems, with
no examples of chelating phosphine halo(boryl) complexes having been re-
ported. (Ph3P),PtCl(Bcat) (10.11), reported in 1998, represented the first ex-
ample of a platinum(II) boryl featuring a trans arrangement of the phosphine
ligands; in the interim a number of related systems have been reported viz.
(Ph3P),PtCl[B(NMe;)Cl] (10.12) and (Cy3P),PtBr[B(Fc)Br] (10.13) [92, 178,
182]. Comparison of the Pt—Cl and Pt-Br distances in these systems [2.445(1),
2.470(2) and 2.6141(3) A, respectively] with the corresponding distances in
trans-(Ph3P),PtCI(H) and trans-(Ph3P),PtBr(H) [2.36(1) and 2.535(1) A, re-
spectively] provides further evidence for the stronger trans influence of the
boryl ligand over hydride [221, 222]. Furthermore, the Pt—Br distance in 10.13
can additionally be compared to the corresponding Pt-Br distances in the
complexes trans-(Ph3P),PtBr(X) [2.502(1), 2.563(1), 2.478(1) and 2.531(1)
for X = vinyl, alkyl, alkynyl and aryl ligands] [223-226]. Thus, convinc-
ing structural evidence is also obtained for the stronger trans influence of
the boryl ligand compared to these carbon-donor ligands. An in-depth com-
putational evaluation of the trans influence of the boryl ligand, both com-
paratively with respect to carbon-, silicon- and tin-based systems, and as
a function of the boryl substituent, has recently been reported by Zhu, Lin
and Marder [175]. These authors used DFT to probe the electronic structure
of complexes of the type trans-(MesP)3PtCl(Y) thereby deducing a hierar-
chy for the trans influences of the ligand Y: BMe, > SiMe; > BH; > SnMe; >
B[N(H)CH;], > Bpin >B(OCH;);, > Bcat ~ BCI, ~ BBr; ~ SiH3 > CH,CHj3; >
CH = CH; > H ~ Me > Ph > SiCls > SnCl; > C=CH [175]. The Pt-CI bond
length was used as a thermodynamic probe of the (ground state) trans influ-
ence, and was found to correlate well with the percentage of platinum orbital
character in the Pt-B bond calculated by NBO methods. This in turn was re-
lated to the s/p composition of the boron orbital contributing to the Pt-B
bond. A greater p contribution to the boron hybrid orbital implies (i) a higher
energy for that orbital; (ii) better covalent overlap with the Pt-based orbitals;
and hence (iii) that the boryl ligand will be a stronger o donor (higher trans
influence). Somewhat counter-intuitively this also implies a longer Pt-B bond
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length for ligands which have a high trans influence. Variation of trans in-
fluence as a function of the boryl substituent (i.e. X in BX;) was rationalized
using Bent’s rule. Substituents X with greater electronegativities will utilize
boron orbitals with greater p character in forming the B-X bonds; the Pt-B
bond will therefore feature a smaller boron p component (greater s character)
and the BX; ligand will be a weaker ¢ donor.

Chemical evidence for a strong boryl trans influence is provided by the
reaction of 10.13 with Na[BAr/4] which proceeds by abstraction of the
platinum-bound bromide ligand to generate the T-shaped cationic boryl
complex [(Cy3P)2Pt{B(Fc)Br}]+[BArf4]‘ (10.14; Scheme 23) [219]. Intrigu-
ingly, and in contrast to the five-coordinate rhodium complexes 9.11 and
9.12 discussed above, there is little shortening of the Pt-B bond in the ab-
sence of a competing frans ligand, presumably on steric grounds. Thus,
the Pt—B distance in 10.14 [1.966(4) A] is only marginally shorter than that
found in the precursor 10.13 [1.996(3)A°]. Despite this, there is no struc-
tural, spectroscopic or computational evidence for any agostic CH interaction
in the position trans to the boryl ligand—an observation consistent with
previous computational studies of 14-electron d® (R3;P),Rh(BXj) systems,
and thought to be another consequence of the strong boryl trans influ-
ence [134,219]. Interestingly, 10.13 undergoes a bromide migration reaction
on addition of 4-picoline to generate the base-stabilized borylene complex
[(Cy3P)thBr{BFc(4-pic)}]+[BArZ]‘ (10.15) which features a trans arrange-
ment of borylene and bromide ligands [219].

The orientation of the boryl ligand in complexes of the type (R3P);
Pt(hal)(BX;) is typically such that the BX; plane lies approximately perpen-
dicular to that defined by the metal coordination environment (e.g. 85.0° for
10.13) [92, 182, 218]. Such an alignment is consistent not only with steric fac-
tors, but also with maximum overlap between the filled Pt dy, orbital and the
formally vacant boron-centred p orbital (Fig. 35). Further evidence for sig-
nificant Pt— B back-bonding can be obtained by considering the Pt-B bond
lengths for 10.11-10.14 [2.008(8), 2.084(3), 1.996(3) and 1.966(4)A, respec-
tively]. Comparison of the Pt-B bond length for 10.11, for example, with
the sum of the covalent radii deduced for the [(PhsP),PtCl] and Bcat frag-
ments (2.15 A) is consistent with a substantial 7 component; furthermore

Br\ /PCy3 PCys | *[BArLT Br\ /PCy3 *[BArLT
Pt Na[BAr]] /pt 4-picoline pt\
N " AN
Cy3P/ B...\Br CysP B..uBI’ Cng/ \B--m|||4_pic
A A A
Fc Fe Fe
10.13 10.14 10.15

Scheme 23 Interconversion of square planar boryl complex 10.13, T-shaped boryl 10.14
and base-stabilized borylene system 10.15
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Fig.35 Pt— B back-bonding resulting from overlap between the filled Pt dy; orbital and
the formally vacant boron-centred p orbital

comparison of the Pt-B distances for 10.11 and 10.13, for example, reveals the
expected bond contraction for the more 7 acidic B(Fc)Br ligand [11, 92, 218].

Useful verification of computational data comes in the form of the
structures of the iminoboryl palladium and platinum complexes trans-
(Cy3P),MBr(BNSiMes) (10.4: M = Pd; 10.5: M = Pt), formed (along with
MesSiBr) from the reaction of M(PCys); with (Me3Si);NBBr; [214]. These
two complexes are unique in featuring a coordinated RN=B ligand, short
M-B distances [1.963 (mean) and 1.960(3) A, respectively, c.f. 10.1, 10.2 and
10.11-10.14] and relatively short trans Pt-Br linkages [2.538 (mean) and
2.552(1) A]. These observations are entirely consistent with the likely s/p
composition of the boron hybrid orbital involved in the Pt-B bond. Since the
boron centre is effectively linear, a greater s orbital contribution to this boron
hybrid would be expected (i.e. approximately sp hybridized c.f. approximately
sp? for a three-coordinate boryl), with the consequence not only of a shorter
M-B bond, but also of weaker o donor properties and hence a lower trans
influence (shorter trans M—Br bond) [175, 214].

8.2.2
Bis(boryl) Complexes

A large number of square planar platinum(II) bis(boryl) complexes have
been reported which are typically the products of B-B oxidative addition
chemistry (see Fig. 36). All of the crystallographically characterized species
(10.16-10.30) feature a pair of phosphine donor co-ligands and the cis con-
figuration of the boryl ligands expected on the basis of the relative ligand
trans influences [11, 182, 185, 187-190, 224, 227, 228]. Further evidence for the
high boryl ligand trans influence is provided by the small Pt-P coupling con-
stants {e.g. 1639 [188] or 1608 Hz [189] for (Ph3P),Pt(Bcat), (10.16), c.f. 3677
and 1765 Hz for cis-(Ph3;P),PtCl, and cis-(Ph3;P),Pt(CH,CH,CH=CH,),,
respectively [229,230]} and relatively long Pt-P bonds found in these com-
pounds {e.g. 2.363 (mean), 2.263 (mean), 2.302 A (mean) for 10.16, cis-
(Ph3P),PtCl, and cis-(PhsP),Pt(CH,CH,CH=CH,),, respectively [63, 189,
229,230]}. Structurally there is little diversity between each of the com-
plexes 10.16-10.30, with Pt-B distances in the range 2.031(8)—2.108(3)A
typically being shorter than the expected sum of the covalent radii (ca.
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10.16: R, =H,4 10.19:R=R'=R"=Me 10.22 10.23 10.24 10.25
10.17:R,=4-Bu  10.20:R=R'=H;

10.18: R, =Cl4 R" = CH,Ph
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10.21: R=H;
R'=R"=CO;Me
(R,R isomer)
MezN
Bcat Fhe Bcat phe BX; Et3P\ / ° |
2
cysp\P t/ P\pt / P\Pt / /Pt\ Cr
N N /N EtsP B@
Phsp/ Bcat P/ Bcat PPh, BX; /
Phy MezN
10.26 10.27 10.28: BX; = Beat 10.30
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Fig.36 Crystallographically characterized square planar platinum(II) bis(boryl) com-
plexes 10.16-10.30

2.14 A) [11]. Few statistically significant trends can be established in terms
of the variation in the Pt-B distance as a function of the boryl sub-
stituent. Thus, although the Pt-B bonds in the bis(dialkoxy)boryl com-
plex (PhsP),Pt[B(OMe),], [10.24: 2.098(4), 2.100(4)A] are longer than
those found in the bis(diaryloxy)boryl system (PhsP),Pt(Bcat); [10.16:
2.040(6), 2.058(6) A], there is little significant difference between the bond
lengths in 10.16, (PhsP),Pt(4-'BuBcat), [10.17: 2.045(11), 2.046(13)A],
(Ph3P),Pt(Bpin); [10.19: 2.076(6), 2.078(6) A], (Ph3P),Pt(4-Bped-S), [10.20:
2.054(4), 2.070(3) A], (Ph3P),Pt[B(NMe;)Cl], [10.25: 2.076(3), 2.084(3) A]
and (PhsP),Pt(BF,); [2.052(6), 2.058(6) A] [11, 182, 185, 187, 188, 190, 227].
Other notable structural features common to each of the complexes 10.16-
10.30 are the acute B-Pt-B angles and correspondingly wide P-Pt-P an-
gles. Thus, the B-Pt-B angles fall within the range 72.9(2)-81.5(1)°, with
the value measured for 10.30 [76.4(1)°] which features a chelating boryl
ligand, not differing from those reported for bis(monodentate) boryl sys-
tems [228]. Such acute B-Pt-B angles, together with the near perpendicular
alignments of boryl and metal coordination planes typically found in these
systems (e.g. torsion angles of 81.1, 87.4° for the two BF, ligands in 10.23)
allows for the possibility of residual B---B interaction of the type found in
the cobalt(II) bis(boryl) systems 9.1-9.3 (Scheme 18). However, in contrast
to 9.1-9.3, the B- - -B contacts found in platinum complexes 10.16-10.30 are
relatively long [2.445-2.671 c.f. 2.185-2.271 A for 9.1-9.3] [160,161], and
the B. - -B distances in 10.16 and 10.23 [2.552, 2.591 A, respectively] are put
in appropriate context by consideration of the B-B distances in Bjcat; and
B,F4 [1.68, 1.67 A] [185, 188,227]. It seems likely, therefore, that the ori-
gins of the relatively acute B-Pt-B angles are principally steric in origin,
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with the trigonal planar (and effectively two-dimensional) boryl ligands be-
ing constrained to occupy a relatively compressed volume of the platinum
coordination sphere by the bulkier phosphine ligands. Thus, a compari-
son of the bis(difluoroboryl) system 10.29, with the isoelectronic complex
(dppb)2Pt(NO3), which contains the planar nitrito ligand, reveals similar
structural properties, with due allowance made for the differing electroneg-
ativities of the B, F, N and O atoms [185]; the P-Pt—P angles for the two com-
plexes are very similar [95.70(7), 94.95(11)°]. In general the P-Pt-P angles for
bis(monodentate) phosphine complexes 10.16-10.26 are significantly greater
than 90°[e.g. 107.14(4)° for 10.16], consistent with the greater steric require-
ment of the phosphine ligands compared to boryl; narrowing of the P-Pt-P
angle is observed as expected for related chelating phosphines [e.g. 85.36(6),
100.72(9)° for 10.27 and 10.28]. Theoretical studies on model bis(phosphine)
bis(boryl) platinum(II) complexes have been shown to accurately reproduce
the structural features noted above, although little specific attention has been
paid to the origins of the B- - -B separation [199, 200].

8.23
Semi-Bridging Ligands

Substitution of monodentate phosphine ligands has been exploited using
cis-(Ph3P),Pt(Bcat), (10.16) as the starting material, to generate a range
of related systems of the type (R3P),Pt(Bcat); [R3 = Mes, Et;, Me,Ph,
MePh;, (OEt)3] [182]. With the sterically demanding tricyclohexyl phos-
phine, the mixed donor system 10.26 results, whereas the smaller more
7 acidic ligand P(OMe); brings about reductive elimination of Bjcat; and
the formation of Pt(0) species. The reaction of 10.16 with dppm, on the
other hand leads to the formation of a major product formulated as either
cis-(dppm)Pt(Bcat), or dimeric cis,cis-Pty(u,-dppm)(Bcat)s on the basis of
spectroscopic data. Interestingly, the latter reaction also gives rise to two
unusual semi-bridging boryl systems as minor co-products (see Fig. 30).
Both Pt;(PPh;)(u2-dppm); (Bcat)(142-Beat) (10.31) and Pty(k!'-dppm)(j,-
dppm); (Bcat)(u2-Bcat) (10.32) feature a Pt(I), core [with Pt—Pt separations of
2.772(1), 2.769(1) A, respectively] and highly asymmetric interactions of the
bridging Bcat ligand with the two platinum centres [182]. Thus, in each case
the shorter Pt-B bond to the bridging boryl ligand is marginally longer than
that found for the terminally bound Bcat moiety [2.12(2), 2.04(2) and 2.14(2),
2.06(2) A for 10.31 and 10.32, respectively], while the remaining bridging
interaction is significantly longer [2.49(2), 2.51(2) A] [182]. Recent DFT stud-
ies on model complexes related to 10.31 and 10.32 propose a bonding model
comprising an approximately tetrahedral 18-electron Pt(0) tris(phosphine) bo-
ryl anion linked to T-shaped 14-electron Pt(II) bis(phosphine) boryl cation via
a Pt—Pt donor/acceptor interaction. The dimeric structure is further stabi-
lized by a Pt— B donor/acceptor interaction utilizing the d,, orbital of the Pt(II)
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centre and the formally vacant p orbital of the Bcat ligand. Quantitatively this
description resembles that proposed for the related dirhodium complex 9.21,
with the difference that the donor component of the semi-bridging interaction
in this case utilizes the metal d,, orbital [113].

9
Group 11 (Copper, Silver and Gold)

Although a number of studies have reported the use of group 11 reagents
as catalysts in a range of borylation reactions [231-236], and copper(I) bo-
ryl complexes, for example, have been postulated in a number of reaction
schemes leading to the formation of C-B bonds [231-235], structurally char-
acterized group 11 complexes are a very recent development. Indeed, to date
only one crystallographical example of a boryl complex of copper, silver or
gold has been described [232].

Ito, Kawakami and Sawamura recently described the borylation of al-
lylic carbonates by B,pin,, catalyzed by bis(phosphine)copper(I) alkox-
ides. It was proposed that bis(phosphine)copper(I) boryl species formed
by alkoxide/boryl o-bond metathesis are key intermediates in the catalytic
cycle [231]. Making use of related N-heterocyclic carbene stabilized precur-
sors, Sadighi and co-workers have very recently isolated the thermally labile
copper(I) boryl complex (IPr)CuBpin (11.1) together with the products of
oxygen atom, styrene and aldehyde insertion into the Cu-B bond (11.2-11.5;
Scheme 24) [232,233,237]. The structure of 11.1 in the solid state reveals
an approximately linear Cu(I) coordination geometry [/B—Cu—C 168.1(2)°]
and a Cu-B distance [2.002(3) A] which is somewhat shorter than the sum
of the expected covalent radii [2.05 A] [106]. Yet further evidence for the

Pri™

pinB, Pr Me
N )
Styrene /O Me COz /Bp|n
IPr—Cu E—— ‘ Cu—B\ ——  [IPr—Cu—=O
Ph o Me  C©
11.3 Py Me 11.2
A P,
MesC(O)H
Ph 111 Bpin\
o]
IPr—Cu IPr—CUAéH
Bpin Mes

114 1.5

Scheme 24 Cu - B insertion reactions of copper(I) boryl complex 11.1
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Table 13 Selected data for structurally characterized copper boryl complexes

Compound d(M—-B) Other data Refs.
A4)
(IPr)CuBpin (11.1) 2.002(3) Cu-C 1.937(2) A [228]
C—Cu-B 168.1(2)°
op 41.7

strong trans influence of the boryl ligand is provided by a Cu—C distance for
the N-heterocyclic carbene co-ligand [1.937(2) A] which is markedly longer
than found in related derivatives of the type (carbene)CuX [e.g. 1.811(7) and
1.887(5) for (IPr)CuCl and (IPr)CuMe, respectively] [238].

10
Outlook

The chemistry of boryl systems continues to be an exciting and rapidly de-
veloping field of synthetic chemistry, driven primarily by the development
of novel methodologies for introducing functionality into organic molecules,
but also encompassing more fundamental studies of structure and bond-
ing. This is amply demonstrated by two significant papers in the area that
appeared during the production of this review. Hartwig and co-workers
have reported that the catalytic functionalization of methyl CH bonds by
B,pin; can be effected by ruthenium complexes at 150 °C. Thus, the well-
known Ru(III) dimer (Cp*RuCly); reacts with octane under such conditions
to generate 1-octylBpin in 98% yield. Somewhat surprisingly, these ruthe-
nium systems are much less effective at functionalizing arene CH bonds,
an observation ascribed to the ready formation of the stable [Cp*Ru(n®-
arene)]* cations [239]. Although the active catalyst in the alkane activation
cycle is not known, Hartwig reports the structure of the bridged boryl com-
plex, (Cp*Ru),(u-H)3{u-B[1,2-(NMe),CsH4] }(12.1, Fig. 37) from the reac-
tion of a hydridoruthenium precursor with HB[1,2-(NMe);CsHy]. It is pos-
sible that an analogous (but more reactive) Bpin complex might feature in
alkane functionalization processes. The structure of 12.1 in the solid state
(Fig. 37) represents the first example of a symmetrically bridged homodinu-
clear transition-metal boryl complex. Both the 1B resonance (at g 43.9) and
the crystallographically located hydrogen atom positions are consistent with
a metal boryl system (as opposed to a o-borane or hydroborate). The boryl
ligand sits on a crystallographic mirror plane, with the structural parameters
associated with the Ru,B unit [d(Ru-B) = 2.307(6), d(Ru-Ru) = 2.455(1) A,
/(Ru-B-Ru) = 64.3(2)°] therefore necessarily being consistent with a sym-
metrically bridging boryl ligand.
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12.1

Fig.37 A symmetrically bridged homodinuclear ruthenium boryl complex

Perhaps the most significant fundamental development in synthetic boron
chemistry in 2006 was reported by Segawa, Yamashita and Nozaki in Sci-
ence [240,241]. Using a synthetic approach previously developed for the
corresponding gallium systems [242], these authors reported the isolation
of a boryllithium species 12.2 which reacts towards organic substrates as
a nucleophilic boryl anion (Scheme 25). The crystallographic characterization
of 12.2 as the dme adduct reveals a dimeric structure with terminal B-Li con-
tacts [2.291(6) A] which are significantly (ca. 8.5%) longer than the sum of
the covalent radii of boron and lithium (2.11 A) [106]. This observation, to-
gether with an !'B chemical shift of 45.4 in THF solution is consistent with
a highly polarized B’~—Li®* linkage. Furthermore, the reactivity of 12.2 to-
wards organic electrophiles such as alkyl halides or aldehydes is consistent
with a reagent offering strongly nucleophilic/basic properties. As such, 12.2
offers the possibility of a significant step-change in synthetic boron chem-
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Scheme 25 Synthesis and reactivity of a boryllithium reagent
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istry. For the first time, a nucleophilic source of the BX; fragment is available,
a development which offers enormous synthetic potential in organic and in-
organic boron-containing systems. A list of papers appearing in the calendar
year 2007 is appended [243-266, 268].
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Abstract A variety of structural types of transition metal complexes containing o-borane
ligands are reviewed. Their structure and bonding are discussed. Compared with other
types of o-complexes, o-borane complexes display quite different structural and bonding
properties because of the electron unsaturated boron center in the o-borane ligands in
the precoordination state. The availability of an sp>-hybridized orbital at the boron center
allows stronger back-donation interaction without breaking the coordinated B-H bond.
The role played by o-borane complexes in hydroboration and borylation reactions has
also been reviewed.

Keywords Borylation - Hydroboration - o-Borane complexes - Structure and bonding

1
Introduction

Transition metal complexes containing 7*-coordination of an H-X (X = H,
C, B, or Si) bond to a metal center have attracted much attention due to
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their fundamental importance in coordination chemistry and their role in
catalysis [1-5]. In the past two decades we witnessed the progress made in
the chemistry of these o-complexes. o-Dihydrogen [1, 2, 6] and o-silane [7-
9] complexes have been the most extensively studied among the different
types of o-complexes. o-Alkane complexes have been studied mainly in so-
lution [10, 11]. The best models for o -alkane complexes are agostic complexes
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having »? coordinated H-C bonds via intramolecular C-H bond coordination.
The existence of n*-coordinated H-B bonds in the well-known hydridoborato
complexes has been known for some time [12, 13]. In these hydridoborato
complexes, hydridoborato ligands carry negative charge and the metal-n?-
H-B interactions are often considered ionic. Despite the importance of the
ionic interactions, evidence of electronic factors for the interactions in the
M-n?-H-B linkage is unequivocally clear because neutral borohydride ligands
coordinated with metal centers by an M-(n?-H-B) coordination mode were
also known more than twenty years ago [14-16]. In all these o-complexes
mentioned above, a common feature is that the X center of the 1?-coordinated
H-X bond in a given o-ligand achieves the octet (or the full valence shell with
two electrons for X = H) in the precoordination state.

Recently, a new and interesting class of transition metal o-borane com-
plexes containing n* coordinated H-B bonds has been discovered [17-25].
Different from the complexes containing hydridoborato or neutral borohy-
dride ligands mentioned above, the boron center in this new class of o-borane
complexes is three-coordinated and highly electron-deficient in the precoor-
dination state. The first well-characterized mononuclear examples of this new
class of o-borane complexes are the titanocene catecholborane complexes 1
and 2 reported by Hartwig et al. in late 2000s [17-19]. More mononuclear ex-
amples of o-borane complexes 3, which belong to a piano-stool type, were
reported in 2000 by Schlecht and Hartwig [20]. Recently, ruthenium com-
plexes (4-6) containing both hydride and o-borane ligands were synthesized
and characterized by Sabo-Etienne et al. [21-23]. More recently, o-borane
complexes 7 having a nickel d!* metal center have also been reported by
Garcia and coworkers [24]. Interestingly, we found from our extensive liter-
ature search that o-borane ligands can also be found in multinuclear cluster
compounds 8 and 9 [26-30]. Compared with other types of o-complexes,
o-borane complexes mentioned here display quite different structural and
bonding properties because of the electron unsaturated boron center in the
o-borane ligands in the precoordination state. In this chapter, the structure
and bonding of this new class of transition metal o-borane complexes will
be discussed and reviewed. Special emphasis will be placed on the different
structural and bonding characteristics displayed by this class of complexes in
comparison to other o-complexes.

2
Bonding Nature in o-Borane Complexes

The current understanding of the nature of the metal-(7%-H-X) bonding in-
teraction for various types of o -complexes is based on the traditional Dewar-
Chatt-Duncanson model for the well-known m-olefin complexes which
emphasizes both ligand-to-metal ¢ bonding and metal(dr)-to-ligand(o™*)
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back-donation. In metal o-silane complexes, the metal(dx)-to-ligand(c*)
back-bonding interaction is considered extremely important and plays
a dominant role in determining the structural and bonding characteris-
tics [9]. In o -complexes containing M-(17%-H,) or M-(n?-H-C), the metal(dx)-
to-ligand(c*) back-bonding interaction is less significant, although in some
cases it determines the relative orientation of the 7%-H, ligand with respect to
other ligands in the complexes under consideration [31].

Examination of all the structurally characterized o-borane complexes
leads to the discovery of an interesting, common structural feature. Similar to
what we see in many transition metal boryl complexes [32], the boron cen-
ter in these L,M(n*-HBX;) complexes lies in a plane containing the metal
center M and the two boron-bonded atoms from the two X groups. On the
basis of the Dewar-Chatt-Duncanson model, the metal-;?-borane bonding
interactions can be schematically illustrated in Fig. 1. The ligand-to-metal
o bonding interaction is the donation of the pair of the coordinated H-B
o-bonding electrons to an empty metal d, orbital. The metal-to-ligand 7
interaction involves a concomitant back-bonding interaction of an occupied
metal d,; orbital with a boron sp?-hybridized orbital and the H — B(c'*) orbital
from the n>-HBX, ligand. Several previous theoretical studies [33-35] show
that the metal(dx)-to-ligand(c*) back-bonding interaction is less important
and the back-bonding interaction of an occupied metal d, orbital with the
“empty” sp>-hybridized orbital of the three-coordinated boron center dom-
inates the structure and bonding of this class of transition metal o-borane
complexes. As pointed out by Hartwig and his co-workers [20], the most
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Fig.1 The metal-n?-borane bonding interactions based on the Dewar-Chatt-Duncanson
Model
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important difference between o-borane complexes and H-X o-complexes of
ligands with electronically-saturated X is the availability of an sp>-hybridized
orbital at boron. This sp>-hybridized orbital participates in the back-donation
interaction with an occupied metal d, orbital. In alkane, dihydrogen, or
silane complexes, back-donation occurs into the H-X o*-orbital, which is
much higher in energy than the boron sp*-hybridized orbital.

3
Metallocene o-Borane Complexes

3.1
Cp2Ti(y2-HBcat); and Cp Ti(n2-HBcat)(PMe3)

In an effort to develop efficient and selective catalysts for alkene hydrobo-
trations [36], Hartwig and his co-workers isolated and precisely character-
ized the new and interesting class of titanocene o-borane complexes 1 and
2 [17-19]. A surprising structural feature in szTi(nz-HBcat)z 1 (HBcat =
catecholborane) is that the B---B distance (2.11 A) is unexpectedly short
for a non-bonded interaction but too long for a strong bonding interaction
between these atoms. In addition, the B — Ti— B angle (53.8°) is small, sug-
gesting that there is an important difference in the nature of the M-(n?-H — B)
bonding interaction from other types of o-complexes.

Density functional theory (DFT) calculations [33] on the model com-
plex Cp,Ti{n*-HB(OH),}, accurately reproduced the short B---B distance.
A Laplacian electron density analysis (Fig. 2) based on the DFT calculations
showed that significant electron density concentrations were found along the
B. - B bonding path, indicating bonding interactions between the two borons.
The four concentrations around the Ti center shown in the Laplacian electron
density plot have been associated with the electron density contributed from

H
H\ - ~\\\\\\\O\
1.74 3
B ~——
szTi<52,110
2335>< /EI!'\_- \ Q.
"y b \’o)
1.250 H

Fig.2 Selected distances (A) in szTi(nz—HBcat)z, a plot of the Laplacian of electron
density for Cp,Ti{n?-HB(OH), }, on the B — Ti— B plane and a three-center-two-electron
bonding molecular orbital describing the bonding interaction of the TiB; triangle
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a metal d orbital. Figure 3 shows a molecular orbital diagram illustrating the
orbital interaction between the Cp,Ti fragment and the two n*-HBcat ligands.
The bent metallocene Cp,Ti fragment has three frontier orbitals (1a;, b, and
2a;, shown in the left column of Fig. 3) available for bonding with the two
HBcat ligands. The corresponding symmetry-adapted ligands’ orbitals are de-
rived from the linear combinations of the two B-H bonding orbitals as well as
the two empty sp>-hybridized orbitals from the two boron centers, illustrated
in the right column of Fig. 3. The orbital interactions between the two sets
of orbitals give three bonding and three antibonding orbitals shown in the
central column of Fig. 3. Combining the detailed molecular orbital analysis
and the results from the Laplacian electron density plot, we proposed a three-
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Fig.3 A schematic orbital interaction diagram for szTi(nZ—HBcat)z (Adapted from [33])
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Fig.4 Selected distances (A) in Cp,Ti(n?-HBcat)(PMe;3) and a bonding molecular orbital
describing the metal-to-boron back-bonding interaction

center-two-electron bond, shown in Fig. 2, to describe the unique bonding in
szTi(nz-HBcat)z.

In the Cp,Ti(n?-HBcat)(PMes;) complex, a bent Ti-B bond, shown in
Fig. 4, has been proposed to account for the Ti-B bonding interaction, which
involves the back-bonding interaction of a metal d orbital with an sp’-
hybridized orbital from the HBcat ligand. The nonplanarity around the boron
center of the HBcat ligand in the complexes was considered to be a re-
sult of maximizing the back-bonding interaction of Ti(dx) with the “empty”
sp>-hybridized orbital of the three-coordinated boron center in the HBcat
ligand. Compared with other o-complexes, the two complexes also have the
ligand(o)-to-metal dative bonds (here ligand(c) denotes the H-B o bond
of the HBcat ligand) in addition to the unusual bonding characteristics de-
scribed above.

3.2
Cp2Ti(n2-HBcat)(L) (L = Acetylene, Olefin or Silane)

Experiments [19] showed that PhC = CPh and PhSiH3 can displace one of the
two 7? catecholborane ligands in szTi(nZ—HBcat)z 1, leading to the forma-
tion of the szTi(nz-HBcat)(acetylene) and szTi(nz-HBcat)(silane) adducts,
respectively. On the basis of the bonding analysis given above, the dona-
tion and back-donation interactions between Cp,Ti and the n?-HBcat and
PMes ligands in Cp,Ti(n*-HBcat)(PMes) 2 can be schematically illustrated
in 10. The situation in szTi(nz-HBcat)(acetylene) can be quite different.
Cp2Ti(n*-HBcat)(acetylene) can have a similar bonding picture, shown in
11 and 12. Because an acetylene ligand is capable of accepting electrons
into its 7* orbital(s), rearrangement of the bonding electron pairs to the
situation as shown in 13, giving a molecular structure like 14, is possible.
A previous density functional theory study [34] demonstrated that Cp,Ti(1*-
HBcat)(acetylene) indeed adopts a molecular structure somewhere in be-
tween 11 and 14. Figure 5 shows the structure calculated for the model
complex szTi{nz—HB(OCH)z}(HCECH) together with the Laplacian elec-
tron density plot on the plane containing Ti, the #?-H-B unit, and the two
acetylene carbons. From Fig. 5a, we see that the C1-C2 bond (1.330 A) is
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longer than the triple bond (1.211 A) calculated for HC = CH but slightly
shorter than the double bond (1.335 A) calculated for H,C = CH,. The B-C2
bond (1.683 A) is much longer than the B-C single bond (1.541 A) calculated
for H,C = CH — B(OCH); [34]. In addition, the short distance between Ti and
C2 (2.316 A) indicates their strong interaction. Clearly, the calculated struc-
ture shown in Fig. 5a can only be described by a resonance hybrid between
the two important Lewis structures shown in Fig. 5b. The calculated structure
supports Hartwig’s explanation of the NMR chemical shifts observed experi-
mentally [19]. The hydride chemical shift in the 'H NMR spectrum indicates
a B-H bonding interaction and also implies an electron configuration some-
where between d° and d? for the metal center while the !'B NMR resonance
is nearly equivalent to that of a free catecholborane.

For Cp,Ti(n?-HBcat)(silane), 15 does not correspond to a local mini-
mum on the potential energy surface (PES) [34]. Instead, a structure cor-
responding to the hydroborato complex 16 was calculated. Structure 17
corresponds to a local minimum on the PES, but the structure was calcu-
lated to be 11.4 kcal/mol higher in energy than 16. It was reasoned that
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Fig.5 a Calculated structure for szTi(nz—HB(OCH)z)(HCECH). b A resonance hybrid
describing the calculated structure. ¢ Plot of the Laplacian of electron density on the plane
containing the Ti— C1 — C2 — B — H five-membered ring (Adapted from [34])

the high stability of the hydroborato form having strong B-H bonds makes
17 relatively unstable [34]. Cp,Ti(n*-HBcat)(olefin) are reactive intermedi-
ates in the Ti-catalyzed hydroboration of olefins [37, 38]. Theoretical calcula-
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tions [34] on the model complex Cp,Ti{n*-HB(OCH), }(H,C = CH,) lead to
a conclusion similar to that made for szTi(nz—HBcat)(acetylene). Cp, Ti(n?*-
HB(OCH);)(olefin) adopts a five-membered ring structure and should be
described by a resonance hybrid between the two Lewis structures 18 and 19.
Interestingly, the structural feature of the complexes discussed in this section
is governed by how the electron-deficient B center interacts with the ligand L.
When L = acetylene or olefin, the complexes still have the character of the
o-borane complexes. When L = silane, the hydroborato form is the dominant
character.

33
Niobocene and Tantalocene o-Borane Complexes

In 1994, Smith and his co-workers reported the X-ray crystal structures
of endo-Cp,TaH;(Bcat) and exo-Cp,TaH,(Bcat), which were synthesized
through addition of toluene solutions of chlorocatecholborane to
Cp2TaH;Li [25]. On the basis of the X-ray crystal structures, both of the two
regioisomers were considered as a boryl hydride having a d° Ta(V) metal
center. However, for the exo-isomer, the 'H-{!!B} NMR data lend support
to a B- - -H interaction [25]. A recent DFT study [35] showed that while the
endo-isomer is indeed a boryl hydride, the exo-isomer is a o-borane com-
plex exo-Cp,Ta(H)(n?-HBcat) (see the calculated structure shown in 20). The
DFT calculations predicted that the endo-Cp,Ta(H),(Bcat) isomer is more
stable than the exo-szTa(H)(nz—HBcat) isomer by 2.2 kcal/mol, consistent
with the experimental observation that the exo-isomer is a kinetic prod-
uct and is gradually converted to the endo-isomer on heating. Ta tends to
have a high oxidation state with a formal d° electron configuration. It was
therefore believed that in the exo-szTa(H)(nz-HBcat) isomer 20 the steric

79
2286 B\1 475
CpaTd 7 822
1.747 H

20

cat

N
Bcat Bcat

H
Cp2Nb szNb\ CpoNb
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repulsion between the HBcat group and the two Cp rings may prevent an ex-
pansion of the ligand spread angle in the wedge, promoting the formation of
an n%-HBcat structure [35]. Thus, the adoption of a o-complex structure (20)
by exo-Cp,Ta(H)(n?-HB(OC,H,0)) is a result of a compromise between the
electronic interactions and steric repulsions [35].

As an analogue, Cp,NbH;(Bcat), a reactive intermediate observed in the
Nb-mediated olefin hydroboration, can be obtained through the reaction of
Cp2Nb(H)(olefin) with catecholborane HBcat [39]. Both o-borane structures
21 and 22 were proposed for the intermediate on the basis of the 'H-{!'B}
NMR spectra [39]. Theoretical calculations showed that the two structural
isomers have similar stability and that structure 21 is more stable by only
0.2 kcal/mol than 22 [35]. The calculations also predicted that the endo iso-
mer 21 can be rapidly equilibrating with the hydridoborate isomer due to
the very small barrier connecting them (Scheme 1). The very small barrier
connecting the hydridoborate isomer and the o-borane isomer shown in
Scheme 1 explains the observation that Cp,Nb(H;Bcat) lies on the continuum
between the structural extremes of a boryl complex and a hydridoborate
complex [40]. The similar stability of both the endo- and exo-isomers of
szNb(H)(nz—HBcat) and the rapid isomerization between the hydridobo-
rate and endo-isomer structures also explain the easy elimination of HBcat
from Cp,*Nb(H;Bcat) by various two-electron ligands and the extensive H/D
scrambling phenomena between the hydride ligand of Cp,Nb(H)(?-olefin)
and DBcat observed in the olefin hydroboration reactions [39, 41].
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In the Nb-mediated olefin hydroboration reactions, Cp,NbH(Bcat), was
also isolated [39]. Interestingly, the X-ray structure of Cp,NbH(Bcat); shows
a crystallographic equivalence of the two Bcat ligands, which was not antici-
pated because the 'H and !B NMR spectra indicate two chemically distinct
Bcat units. A boryl hydride Cp,Nb(H)(Bcat), was proposed in which the two
Bcat ligands are next to each other and the hydride occupies one of the two
exo positions in the metallocene wedge. A borane o-complex structure was
not suggested because borane elimination chemistry (substitution reactions)
was not observed [39]. On the contrary, theoretical calculations [35] give
a structure corresponding to a o-borane complex shown in 23. The inconsis-
tency between the calculated and the proposed structure suggests that there
might be other factors affecting the borane substitution reaction by a car-
bonyl ligand used in the experiment [39].

In the complexes discussed in this section, we can see that the three
possible structures, shown in Scheme 2, resulting from the coordination of
HB(OR); to the L,MH fragment, differ only slightly in their relative stabil-
ity. The slight difference in the relative stability reflects a subtle balance of
various types of bonding interactions. In endo-Cp,TaH,{B(OR), }, the boryl
hydride structure a is preferred because Ta tends to have a high oxidation
state. The orbitals accommodating the lone pair electrons on the oxygen
atoms of the OR substituents contribute to the bonding interactions with the
“empty” boron orbital in the boryl ligand. In endo-Cp,NbH,{B(OR), }, both
the o-borane and hydridoborate structures (b and c) are possible, in which
Nb has a formal oxidation state of + 3 with a d* electron configuration. In
the o-borane structure b, the back-bonding interaction from Nb(dx) to the
“empty” boron sp>-hybridized orbital stabilizes the electron-deficient boron
center. In the hydridoborate structure c, the hydrides are responsible for sta-
bilizing the boron center.

H H H
7 _o.\0 WO 7 N\_..0
LM BNg) Ly M\ B‘O) LM BNg)
H H
a b c
Scheme 2
4

Piano-Stool o-Borane Complexes

Schlecht and Hartwig reported in 2000 that both photolysis of MeCpMn(CO);
in the presence of HBcat (catecholborane) or HBpin (pinacolborane) and
borylation of [MeCpMn(CO),H]~ by ClBcat, ClBpin or CIBCy, (Cy = cy-
clohexyl) can give o-borane complexes of manganese 3 [20]. The synthesis
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and isolation of these manganese o-borane complexes show that o-borane
complexes are not restricted to the bent metallocene type containing early
transition metals.

Interestingly, the X-ray structural studies [20] show that these manganese
o-borane complexes are isostructural with the previously reported struc-
tures of Cp’ Mn(CO);(n*-silane) (Cp’ = substituted cyclopentadienyl) [7, 8], in
which the coordinated H-B bond lies parallel to the plane of the Cp’ ligand.
Figure 6 gives selected bond distances relevant to the Mn-(n*-HB) struc-
tural moieties in MeCpMn(CO)z(nZ—HBcat), MeCpMn(CO)z(nZ—HBpin) and
MeCpMn(CO),(7*-HBCy;). In MeCpMn(CO),(n*>-HBCy;), the Mn-B bond
distance (2.187 A) is the longest, and however, the B-H and Mn-H bonds are
the shortest among the three o-borane complexes. These structural data indi-
cate a weaker Mn-B interaction and a more hydride character for the borane
hydrogen in the dicyclohexylborane complex. Kinetic studies [20] on the lig-
and substitution reactions of these manganese o-borane complexes showed
that HBCy; has a smaller binding energy to the metal fragment compared to
the other two alkoxylborane complexes.

From the structural data and the results of the kinetic studies, we can
infer that the more electronegative alkoxyl substituents at the boron center
enhance the concomitant back-bonding interaction shown in Fig. 1c. This is
quite unexpected because one normally believes that the w-donating alkoxyl
substituents would make the boron center a poor electron acceptor. In tran-
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MeCp(CO),Mn \1:29
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1.53_H
MeCp(CO),Mn__ \1-31
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MeCp(CO)2Mn 1.24
\
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Fig.6 Selected structural parameters in MeCpMn(CO),(17%-HBcat), MeCpMn(CO);(?-
HBpin) and MeCpMn(CO),(1?-HBCy>)
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sition metal 5?-silane complexes, it has also been found that electronegative
substituents at Si also enhance both the metal-silicon and metal-;?-silane in-
teractions [9, 42].

In addition to the manganese o-borane complexes, Schlecht and Hartwig
also reported the synthesis of Cp*Re(CO),(n*-HBpin) via reaction of cis-
Cp*Re(CO),(Bpin), with methanol or neopentyl alcohol in benzene [20].
Crystals of this compound suitable for X-ray diffraction were not obtained. It
is interesting to note that the group 7 metal fragments Cp'M(CO), (M = Mn,
Re) are capable of stabilizing various o-complexes. It is now known that the
fragments form o-complexes with silanes [7, 8], stannanes [43], and three-
coordinate boranes [20]. In addition, the fragments also form o-complexes
with borane-Lewis base adducts and alkanes, such as CpMn(CO)z(nl-
HBH, L) (L = NMes, PMej3) 24 [44] and i-PrCpRe(CO); (pentane) [10]. In 24,
the Lewis base (NMes or PMes) donates its lone pair electrons to the “empty”
boron sp>-hybridized orbital.

5
Cp-free o-Borane Complexes

In 2002, Sabo-Etienne and her co-workers reported that reaction of RuH;
(H2)2(PCys3), with excess HBpin gives the Cp-free o-borane complex RuH
(H,Bpin)(n?-HBpin)(PCy3), 4 [21]. In 2005, they reported further that the
stoichiometric reaction of RuH;(H;),(PCy3), with HBcat or HBpin pro-
duces the o-borane complexes Rqu(nz-Hz)(nz-HBcat)(PCy3)2 and RuH, (-
Hz)(nz-HBpin)(PCy3)2 5, respectively [22]. In 2007, they obtained and char-
acterized RuH,(n? : n?-H,BMes)(PCys3); 6, having an unprecedented bonding
mode that contains mesitylborane as a bis(*-H — B) ligand [23].

These complexes are very interesting because many possible isomeric
structural forms, including o-borane, hydridoborate and boryl hydride, are
possible. Sabo-Etienne and her co-workers carried out DFT calculations on
two possible isomers for the model complex RuH4(Bpin'),(PMes), (Bpin’
= B(OCH;);) and four possible isomers for each of the model complexes
RuH;5(Bcat)(PMe3), and RuHs(Bpin')(PMejs), [22]. Figure 7 shows the rela-
tive energies. For RuH4(Bpin’),(PMes),, the o-borane structural isomer
al is more stable than the hydridoborate structural isomer a2 by only
3.8 kcal/mol.
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The four structural isomers for RuHs(Bcat)(PMej3), or RuHs(Bpin’)(PMes),
do not differ much in the stability, again reflecting the subtle differences
among the various types of bonding interactions discussed above. It is in-
teresting to note from structures bl and b2 shown in Fig. 7 that a simple
rotation of the n*-H, ligand by 90° switches a o-borane structure (bl) to
a hydridoborate structure (b2). It was argued [22] that when the n*-H, lig-
and lies on the equatorial plane (the plane perpendicular to the P—Ru—P
axis) it competes for back-bonding interaction with the occupied metal d or-
bital on the equatorial plane, switching the structure from that of o-borane to
hydridoborate.

When 9-borabicyclo[3.3.1]nonane (9-BBN), instead of HBcat or HBpin,
was used as the boron reagent, only the hydridoborate structural form, simi-
lar to structure b2 shown in Fig.7, was obtained [22]. 9-BBN is a much
stronger Lewis acid than HBcat or HBpin. Apparently, only the boron-hydride
interaction can stabilize the boron center.

Very recently, Garcia and coworkers found that a low valent late-transition
metal such as Ni(0) is able to stabilize a three-coordinate borane [24]. They
reported that reactions of [(P-P)NiH], (P-P = dcype, dippe, dtbpe) with

Me. Me
3 o P 3
g ) |
[ \B\H/,RI /l'/| ~0 E v \H/ u.\\H/ /Oj
U=
O/ \H( | \H O/ ‘Hf | \HV \o
P
Mes MeS
al a2
0.0 keal/mol a 3.8kcal/mol
Me M M Me
B3 es ! Pes y P 3
th'Rl “\\H \\Hn wH H//,,Rl ‘\\H I!I/”I'Fll ‘\‘\H
~p——hNu H Cz ‘Ru. / SNy — u
Gos 1N NS Qo™ Congf] ™
p H P
Meg Me3 Me3 Me;
b1 b2 b3 b4
Bcat: 1.1 kcal/mol 0.0 kcal/mol 5.7 kcal/mol 6.0 kcal/mol
Bpin: 0.6 kcal/mol 0.0 kcal/mol 4.4 kcal/mol 5.5 kcal/mol
b

Fig.7 a Two structural isomers of RuH4(Bpin), together with their relative energies.
b Four structural isomers of RuHs(BR;)(PMes); (BR; = Bcat and Bpin) together with
their relative energies. In the DFT calculations carried out by Sabo-Etienne and her co-
workers, four hydrogen atoms were used to replace the four methyl groups of the Bpin
ligand
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a mixture of BEt; and LiHBEt3 afford the o-borane nickel(0) complexes (P-
P)Ni(1%>-HBEt;) 7. The X-ray crystal structure of (dcype)Ni(n2 -HBEt;) was
reported. The Ni-B, B-H, and Ni-H bond distances are 2.172 A, 1.226 A,
and 1.477 A, respectively. Although a detailed bonding analysis of these
Ni(0) o-borane complexes is not yet available, we expect that a significant
back-bonding interaction exists between an occupied Ni(d) orbital and the
“empty” boron sp’-hybridized orbital from the 7>-HBEt, ligand. Since the Et
substituents at boron of the n*-HBEt, ligand have no lone pairs of electrons,
the boron-hydride interaction is necessary to stabilize the boron center, pro-
viding a structure having an 7>-HBEt, coordination other than that of a boryl
hydride.

6
Multinuclear Cluster Compounds Containing o-Borane Ligands

As mentioned in the introduction, o-borane ligands can also be found
in multinuclear cluster compounds [26-30]. Taz(,u-HzBH)(,u-dmpm)3(n2-
BH,4); 8 represents an interesting dinuclear compound containing both
tetrahydroborato and o-borane ligands. The coordination mode of the
o-borane ligand is quite unique in which there are two Ta-(n?-H-B) units in
the molecular structure. In the Ta(u-H,BH)Ta unit, the bridging boron atom
is symmetrically coordinated to the two Ta atoms with a distance of 2.306 A,
0.26 A shorter than the Ta-B distance in either one of the two terminal Ta(n?-
BH,) units and slightly longer than the Ta-B distances (2.263 A and 2.295 A)
found in the exo- and endo-Cp,TaH;(Bcat) isomers [25].

Formally, 8 can be described as a ditantalum(L,I) compound when the
o-borane ligand, i.e., the bridging ©-BH3 ligand, is considered to be neu-
tral [26]. According to the 18-electron rule, the dinuclear cluster has a Ta = Ta
double bond. On the basis of the local metal frontier orbital approach pro-
posed earlier for metal clusters containing w-donor ligands [45], which con-
siders metal-metal bonding as arising from the interaction of the fragment
frontier orbitals derived from the individual local coordination, we can de-
scribe the bonding picture as follows. Each metal center has a pentagonal-
bipyramidal local coordination geometry when the Ta—Ta o bond is taken
into account. Each metal center has only two d orbitals available for metal-
metal 7 and § bonding interactions. We can deduce here that four of the
eight metal d electrons in the cluster occupy the Ta=Ta (o + m) bond-
ing molecular orbitals and the remaining four d electrons occupy the Ta-Ta
8 + &* molecular orbitals. We can also envision that the occupied Ta-Ta 7
bonding orbital acts as a donating orbital for back-bonding interaction with
the “empty” boron sp>-hybridized orbital in the u-H,BH bridging ligand,
giving rise to a three-center-two-electron bond in the Ta,B triangle shown
in 25.
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26 27’

Bridging BH3 to multiple metal centers is also known in trinuclear clusters
of the type M3(CO)¢L3(u-H2BH)(112-H)2 (M = Ru, Os; L = CO, phosphine)
9 [27-30]. These clusters satisfy the 18-electron rule and each has an elec-
tron count of 48, typical for triangular trinuclear clusters [46]. Examining the
local coordination in these clusters, we expect a significant back-bonding in-
teraction between an occupied metal d orbital from the metal center, which is
directly bonded to the boron center without a bridging hydride of the ;-BHj
ligand, and the “empty” boron sp>-hybridized orbital from the ;+-BH3 ligand.
This is shown in 26. A complete series of group 8 trinuclear cluster analogs
of composition M3(CO)9HsB (M = Fe, Ru, Os) are now known [27-30]. Inter-
estingly, all these cluster analogs have their structures based on a tetrahedral
core M3B with a terminal BH bond. The specifics of the bridging hydrogen
atoms, however, differs from one transition metal to another. When M = Fe
a structural isomer (27) that is different from 9 is observed, i.e., Fe3(CO)g (1t 2-
H)(u-H3BH) [27]. The ruthenium analog was found to exist in both iso-
meric forms, Fe3(CO)q(1u2-H),(u-H,BH) (9) and Fe3(CO)g(142-H), (u-H3BH)
(27) [29]. When M = Os, only the structural type 9 was observed [30]. The
relative strength in the M-B back-bonding interaction (26) among different
group 8 metals may be able to explain the interesting observations. Os is
expected to have greater M-B back-bonding interaction because of its more
diffuse d orbitals when compared with Fe or Ru. Therefore, Os is able to sta-
bilize a three-coordinate boron center. The Fe d orbitals are rather contracted.
Therefore, a different structural form having a hydride to stabilize the boron
center is necessary. Ru is somewhere in between Os and Fe in terms of the
diffuseness in the d orbitals. Therefore, both structural forms exist.
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7
o-Borane Complexes in Hydroboration and Borylation Reactions

71
Hydroboration of Alkenes

In many catalytic processes and transition metal mediated reactions, o-bor-
ane complexes have been shown to be intermediates. The bis(borane) com-
plex Cp,Ti(n?-HBcat'), (HBcat’ = HBcat-4-¢-Bu) is a highly active catalyst for
the hydroboration of vinylarenes [37]. A mechanism, shown in Scheme 3, has
been proposed for the Ti-catalyzed hydroboration on the basis of a detailed
mechanistic study [37]. Theoretical calculations provided further support
to the proposed reaction mechanism and showed that the reductive elimi-
nation step, giving the product molecules, is rate-determining [38]. In the
Cp,Ti(CO), catalyzed hydroboration of alkynes [36, 37], the proposed reac-
tion mechanism (Scheme 4) also involves a o-borane complex similar to 11
and 14. In the titanium-catalyzed decaborane-olefin hydroborations [47, 48],
o-borane complexes were also considered as intermediates. In the Cp,MH
(M = Nb, Ta) mediated hydroboration reactions of olefins [39,41], Smith and
his coworkers observed several interesting o-borane complexes, such as 21-
23 discussed above.

Hydroboration of alkenes catalyzed by the Wilkinson complex has been
well studied [49-52]. Although there were several high level theoretical
studies [53-56] employing the model reaction of HB(OR); + H,C = CH; —
H3CCH;B(OR); ((OR); = (OH), OCH = CHO) catalyzed by [RhCI(PH3),],
its mechanism remains disputed. For example, associative versus dissociatve
with regard to phosphine and H versus boryl migration to coordinate ak-
ene mechanisms have been proposed. Despite the ambiguities, it is clear that
the first step in the catalytic cycle is the (oxidative) addition of HB(OR); to

Cp2Ti(n?-HBcat'),

+ HBcat' - HBcat'

Bcat' Bcat'

H

R
R
HBcat' R-H
C— H

2

CpoTi /
P2 _Bceat'

Scheme 3
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+2CO \
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2

Bcat

H
>=<_
Scheme 4

the Rh center. In the various theoretical studies, the calculations based on
the density functional theory predict the intermediate formed from the add-
ition of HB(OR); to the Rh center to be a pseudo square-planar 16-electron
Rh(I) o-borane complex (PH3),Rh(ClI)(n?)-HB(OR), [55]. The calculations
based on the second-order Moller Plesset perturbation theory, however, give
a 5-coordinate trigonal-bipyramidal, 16-electron Rh(III) hydridoboryl com-
plex [53]. Interestingly, a recent paper [57] reported the results of low tem-
perature single-crystal X-ray, neutron diffraction and computational studies
of [(P*Pr3),RhHCl(boryl)] (boryl = Bcat, Bpin), providing the accurate loca-
tion of the hydride ligands and indicating that the two complexes are best
described as Rh(III) hydrido boryl rather than Rh(I) o-borane complexes,
although there is a modest residual H-B interaction in both complexes.

7.2
Borylation of Alkanes and Arenes

7.2.1
Stoichiometric Borylation Reactions

Recently, Hartwig and co-workers found that the transition metal boryl com-
plexes Cp*M(CO)y+1(boryl) (n=1: M = Fe, Ru; n=2: M = W; boryl = Bcat
or Bpin) can efficiently and selectively functionalize alkane C-H bonds after
photodissociation of one CO ligand [58-61] and that Cp*Re(CO)3 can cat-
alyze borylation of alkanes with B, pin, under photochemical conditions [62].
Photodissociation of one CO ligand from Cp*M(CO).4;(boryl) generates
a coordinately unsaturated 16e intermediate, which can be trapped with
phosphine. In the absence of phosphine, the intermediate readily cleaves and
functionalizes a terminal alkane C-H bond or an arene C-H bond (Scheme 5).
The related complexes of alkyl and aryl ligands, CpM(CO),+1R, do not show
a similar reactivity [63]. The boryl ligands are clearly important in the reac-
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+RH
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Cp*(CO)ns1M(boryl) ————= Cp*(CO)nM(boryl)
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»Ru } boryl = catecholboryl or pinacolboryl; RH = arenes or alkanes; L = phosphines

R-boryl + Cp*(CO),M-H
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tions. Theoretical calculations at the B3LYP level of density functional theory
allow a reaction mechanism, shown in Scheme 6, to be defined [63]. In the
reaction mechanism, o-borane intermediates play important roles.
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o o N )
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Scheme 6
7.2.2

Catalytic Borylation Reactions

Intensive studies also showed that many transition metal complexes are
able to catalyze aromatic C-H borylation of various arenes (Scheme 7), e.g.,
Cp*Ir(H)(Bpin)(PMes) [64, 65], Cp*Rh(n4-C6Me6) (65, 66], (17°-Ind)Ir(COD)
[67], (n®-mesitylene)Ir(Bpin); [67], [IrX(COD)]/bpy (X = Cl, OH, OMe,
OPh) [68-70]. A very recent study by Marder and his coworkers showed that
[Ir(OMe)(COD)], can also catalyze borylation of C-H bonds in N-containing
heterocycles [71]. For the Ir-catalyzed borylation reactions, it is now believed
that tris(boryl)iridium(III) complexes [67, 69], 40c, [72] are likely the reactive
intermediates and a mechanism involving an Ir(III)-Ir(V) catalytic cycle is
operative [67, 69]. A recent theoretical study [73] provided further support for
this hypothesis. A mechanism, shown in Scheme 8, was proposed. Interest-
ingly, there are no o-borane complexes involved in the Ir-catalyzed reactions.
The very electropositive boryl and hydride ligands may play important roles
in stabilizing the iridium(V) intermediates.

Recently, it was also shown [74] that pentamethylcyclopentadienyl rho-
dium and iridium complexes with labile dative ligands catalyze the borylation
of alkanes at the terminal position under thermal conditions (Scheme 9). It
was proposed that Ir(V) and Rh(V) boryl complexes act as intermediates in
these reactions. Reaction of Cp*IrH4 with HBpin gives Cp*Ir(Bpin)(H); and
Cp*Ir(Bpin),(H);. Both of the two Ir(V) boryl complexes react with octane
to give octylboronate ester [75], though it is still unclear regarding the role
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played by the Ir(V) species. The latest detailed experimental and theoret-
ical studies on the reactivity of the Cp*Rh(n*-CsMeg) catalyst indicate that
the boryl complexes Cp*Rh(H),(Bpin), 28 and Cp*RhH(Bpin); 29 are the
likely intermediates in the regioselective borylation of alkanes catalyzed by
Cp* Rh(*-C¢Meg) [76]. Both X- -ray diffraction studies and DFT calculations
suggested that the two complexes should be regarded as elongated o-borane
complexes, having the B-H distances in the range of 1.50-1.70 A [76]. Experi-

NS catalyst AN Bpin
—_—
+ HBpin or 1/2 Bopin, A + 1 or 1/2 equiv of Ha

catalyst: Cp*Rh(n*-CgMeg), Cp*Rh(n2-C2Hy)2, Cp*IrH, or Cp*Ir(n-CaHy)o

Scheme 9
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mental studies further showed that the two boryl complexes react with alka-
nes and arenes to form alkyl- and arylboronate esters at temperatures similar
to or below those of the catalytic borylation of alkanes and arenes [76].
A mechanism, shown in Scheme 10, has been proposed for the reactions on
the basis of the DFT calculations [76]. Again, o-borane complexes were con-
sidered to be the important intermediates for the reactions. Scheme 10 ends
at the Cp*Rh(H)(X) (X = H, Bpin) fragment. Presumably, in the Rh-catalyzed
borylation reaction, the fragment can further react with HBpin followed by
elimination of H, [77], regenerating the reactive species Cp*Rh(Bpin)(X)
(X = H, Bpin) to complete a catalytic cycle.

Independently, in 2001 Marder and his coworkers reported a high degree
of benzyl selectivity in the borylation reactions of C-H bonds in toluene,
p-xylene, and mesitylene with HBpin (pin = OCMe,CMe;,0) using the cata-
lyst precursor [(P'Pr3);Rh(CI)(N2)] (Scheme 11) [78]. Oxidative addition of
HBpin to [(P'Pr3),Rh(CI)(N3)] yields trans-[(P’ Pr3)2Rh(Cl)(H)(Bp1n)], the
structure of which was determined by low temperature single-crystal X-ray

x@@zx@

Rh Rh =
H/ \X ‘— l,lB ] ”I
l - / \ pln plnB \ X
Bpin 0O
Bpln X O
X =H, Bpin
lR—H
Ay
PinB/ (""X
H—R
RBpin
H/Rh'l//x H / \'”/X pinB /R \”’/X
Bpln H R

Scheme 10
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studies [57,78]. The isolated tmns—[(PiPr3)th(Cl)(H)(Bpin)] complex also
catalyzed the reaction of toluene with HBpin to give borylated products. Two
possible reaction mechanisms, shown in Scheme 12, for the formation of
PhCH,Bpin were proposed [78]. We can see that a o-borane complex is pro-
posed as an intermediate. Our theoretical calculations [79] suggest that the
catalytic cycle in the left-hand side of Scheme 12 is energetically more fa-
vorable. The exceedingly strong trans-influence of the boryl ligands [80] was

[Rh] = Rh(PPr3),
[Rh](CI)(Ny) + HBpin

l\sz

[Rh](CI)(H)(Bpin)

Cl-Bpin
CHzPh [Rh]—H H-Bpin
Y PhHZC Bpln\\>
Hzc\[Rh [Rh]—Bpin
@ CHzPh
Bpin
| —[Rh]-H

CH,Ph

H
H 1 _.CHp
PhH,C-[RA]-1 Bpin-[Rh] [
HBpin
H
H |—[Rh]—CH,Ph

2 .
Bpin

Scheme 12
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found to make C-H activation from [RhL;(boryl)] (L = phosphine) energet-
ically much less favourable than that from [RhL;(H)]. It was found that the
formation of °-intermediates in the C-H bond borylation pathway is critical
to the benzylic over aromatic selectivity of the system, and is a direct conse-
quence of the geometric and electronic preferences of the [RhL;] moiety in
contrast to the Cp*Rh and Ir catalysts.

8
Conclusion

In this chapter, we have reviewed the structure and bonding of transition
metal o-borane complexes. We see that a variety of structural types exist,
including bent-metallocene, piano-stool and Cp-free, etc. The metal centers
are also varied from early to late transition metals. o-Borane complexes also
display quite interesting bonding properties. Because of the electron unsatur-
ated boron center in the o-borane ligands in the precoordination state, the
metal-to-ligand 7 interaction involves mainly the back-bonding interaction
of an occupied metal d; orbital with the “empty” sp*-hybridized orbital of
the three-coordinated boron center. The back-bonding interaction with the
H-B(c*) orbital from the n?-HBX; ligand is less important. Strong metal-to-
ligand back donation does not necessarily break the coordinated B-H bond.
As aresult, o-borane complexes are unexpectedly common among early tran-
sition metals. Because of the “empty” orbital of the three-coordinated boron
center, o-borane complexes play important roles in transition metal catalyzed
hydroboration of olefins and borylation of alkanes and arenes.
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Abstract This contribution reviews the structural and dynamical properties of mononu-
clear transition metal complexes with tetrahydroborate ligands. Three different coordi-
nation modes involving one (n'), two (n?) or three (n*) bridging hydrogen atoms are
possible for the BH;™ ligand. A structural classification of the X-ray characterised com-
plexes is presented. The metal-boron distances and the vibrational frequencies of the
coordinated borohydrides, which are the key experimental data usually used to deter-
mine the hapticity of tetrahydroborate binding, have been surveyed and trends along
the Periodic Table established. Electronic factors governing the coordination mode have
been rationalized by means of simple orbital arguments supported by quantitative cal-
culations. In solution, most of the transition metal tetrahydroborate complexes show
fluxional behaviour, displaying a single resonance for the four B—H hydrogens in the
'H NMR spectrum at ambient temperature. This fast intramolecular exchange between
bridging and terminal hydrogens has been analysed. Experimental and computational
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data for these processes have been collected and the exchange mechanisms are discussed.
In summary, several examples illustrating the perspectives on the field are presented.

Keywords Tetrahydroborate Complexes - Coordination Modes - Structural Trends -
Bonding Analysis - Hydrogen Exchange Dynamics
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2,2'-bis(di-p-tolylphosphino)-1,1-binaphtyl
methylene-2,2'-bis(4-methyl-6-tert-butylphenoxy)

1’ -(2-(di-isopropylphosphino)phenyl)-heptatrienyl
neopentylene-C,H
N,N’-bis(2-isopropyl-6-isopropylenephenyl)pentane-2,4-diiminato
cyclopentadienyl

1°-pentamethyl-cyclopentadienyl

7]5 -C5 H4 SiMe3

1-(di-isopropylamino(#® -indenylidene)phosphino)-1,2-dicarba-
dodecaboran-2-y1(10)

(1,3-Di-tbutyl-cyclopentadienyl)

1°-methyl-cyclopentadienyl
1°-Ethyl-tetramethyl-cyclopentadienyl
1°,0'1-2-Methoxyethylcyclopentadienyl
n°-trimethylsilyl-cyclopentadienyl
1°-1,3-trimethylsilyl-cyclopentadienyl

Cyclohexyl

1,4,8,11-tetra-azacyclotetradecane
1,2-diphenylethylenediamine
2,9-dimethyl-4,7-diphenyl-1,10-phenantroline
1,2-dimethoxyethane

1,2-bis(dimethylphosphino)ethane
2,9-dimethyl-1,10-phenantroline
1,1,2,2-tetramethyl-1,2-ethylene-bis(5’ -cyclopentadienyl)
1,1,2,2-tetramethyl-1,2-ethylene-bis(’ -3-t-butyl-cyclopentadi-
enyl)
(2-((2,6-diisopropylphenyl)amino)-4-((2,6-diisopropylphenyl)-
imino)pent-2-enyl)

hydrogen tris(3,5-dimethylpyrazolyl)borato anion
1n°,0'1-2-Methoxyethylindenyl
2,2-bis(n’-cyclopentadienyl)propane

3,3-bis(n’ -cyclopentadienyl)pentane
N-P-tolyl-N’-(m-methyl-o-phenylene)imidazolidine
n2-N-(2,6-diisopropylphenyl)-4,6,6-trimethylhept-2,4-dien-2-
aminato

n? -3,3,5,5-tetramethyl-1,1,7,7-tetra-isopropyl-1-trihydroborane-4-
aza-1,7-diphospha-3,5-disila-octan-1-one-4-yl
N,N’,N"-tris(trimethylsilyl)diethylenetriamine dianion
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N-NPro N,N’-bis(2,6-diisopropylphenyl)pentane-2,4-diiminato)
NPh 2,6-di-isopropylphenylimino

NSi, bis(trimethylsilyl)amine

OPh 2,6-di-isopropylphenolato

PBuPh; butyl-diphenylphosphine

phen 1,10-phenantroline

PMes trimethylphosphine

Pnor ((1R,2R)-1-(diphenylphosphino)-1-phenylprop-2-ylamine-N,P)
P-N-P bis(di-isopropylphosphinomethyl(dimethyl)silyl)amino
PSiP tButyl-tris((dimethylphosphino)methyl)silane

py pyridine

SiINCNSi N,N’-bis(trimethylsilyl)benzamidinato

tBu tertiary butyl

terpy 2,2 : 6,2 -terpyridyl

thf tetrahydrofuran

TMAC 5,7,12,14-tetramethyl-1,4,8,11-tetra-azacyclotetradecane
tmeda N,N,N’,N’-tetramethylethylenediamine

TpMe, (hydrogen tris(3, 5-dimethylpyrazolyl)borate-N,N’,N")
tripod 1,1,1-tris((diphenylphosphino)-methyl)-ethane

1

Introduction

The simplest hydroborate anion, BH4~, has rich and diverse coordination
chemistry. Borohydride covalent complexes of varying stability and reactivity
are known for the majority of transition metals. Transition metal tetrahy-
droborate complexes have found a practical use in synthetic and catalytic pro-
cedures. They stabilize hydrogen-rich environments and can be the hydrogen
source in metal-hydrogen interactions of significant commercial, synthetic
and biochemical applications. Tetrahydroborate complexes are used as selec-
tive reducing agents, starting compounds in the synthesis of organometallic
derivatives, precursors for the production of borides, hydrides and other
inorganic materials, and as catalysts of hydrogenation, isomerisation and
polymerisation processes. BH4~ ligands also present very interesting proper-
ties from the perspectives of structure and bonding. BH, is a very effective
polyhapto ligand for which up to six coordination modes have been reported.
The ligation is invariably through bridging hydrogen atoms. In mononuclear
complexes, three different coordination modes involving one MY, two (n?)
or three (n*) bridging hydrogen atoms have been found (Scheme 1). When
more than one BH4™ ligand is present, several coordination modes can coex-
ist. If bimetallic complexes are also considered, in addition to the n!, n? and
n®> modes mentioned above, examples of bridging modes are also known in
which BHy™ is (un%,n?), (n?) and pu(n*).

Despite the existence of complexes with n!, n? and n?, BH,~ ligands have
been proved by various structural methods. Most of the transition-metal com-
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Scheme 1 Coordination modes of tetrahydroborate in covalent mononuclear complexes:
monodentate (n!), bidentate (n?) and tridentate (n>)

plexes present a fluxional behaviour in solution, displaying a single resonance
for the four B — H hydrogens in the 'H NMR spectrum at ambient temperature.
Bridging and terminal hydrogens of the tetrahydroborate ligands are able to
undergo fast intramolecular exchange (on the NMR time scale).

Excellent reviews spanning different periods of the development of boro-
hydride chemistry have been published. In 1977, a thorough review covering
the chemistry of covalent transition metals including lanthanide and actinide
tetrahydroborate complexes was published by Marks and Kolb [1]. The boro-
hydride compounds of f-elements were reviewed by Ephritikhine in 1997 [2].
More recently, profuse experimental data on the structures and properties
of tetrahydroborate complexes, including main group metals and f-elements,
have been collected by Makhaev [3]. A general theoretical analysis of the
structure and bonding relationship for a variety of transition metal boro-
hydride complexes based on orbital interaction arguments was reported by
Lin [4].

This contribution focuses on the structural and dynamic properties of only
mononuclear transition metal complexes with BH4~ ligands. The first sec-
tion is dedicated to the analysis and systematization of the large amount of
experimental data reported. In the first section, the borohydride complexes
structurally characterised or theoretically studied is classified according to
the coordination geometry of the transition metal fragment to which the
BH," ligand is bonded. Then, a critical discussion of the two most usual ex-
perimental measurements used to determine the borohydride coordination
mode, the metal-boron distance and the stretching vibrations of the B—H
bonds, is presented. A theoretical analysis of the coordination modes follows.
After outlining the bonding scheme deduced from a qualitative orbital an-
alysis to account for the factors determining the structural properties of the
BH,™ ligands in complexes, selected examples of quantitative calculations giv-
ing an energetic ordering of the structures depending on the coordination
mode are discussed. This section begins with monotetrahydroborate com-
plexes and transitions to discuss then the more complex compounds with
several BH,™ ligands. The last part is devoted to the dynamical properties of
tetrahydroborate complexes. Experimental data, theoretical calculations and
mechanism proposal for the H-bridging/H-terminal exchange are examined.
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The final section presents a summary of this contribution and current per-
spectives in the field.

2
Analysis of the Bonding Modes from Experimental Data

2.1
Structural Classification of Mononuclear Transition Metal Borohydrides

A large variety of structures can be found for organometallic complexes con-
taining tetrahydroborate ligands. In this section, we will classify the X-ray
characterised mononuclear transition metal tetrahydroborate complexes ac-
cording to the coordination geometry of the metal. In the following discus-
sion, each BH,4~ ligand is considered to contribute one to the coordination
number for the use of the coordination polyhedra definition and bridging
hydrogens are not counted. Calculated complexes will also be included. Com-
pounds will be labelled with a first number indicating the coordination mode
of the BH, followed by second number indicating the coordination number
of the metal, considering each BH4 group is occupying only one coordina-
tion site. For instance, 2.4 refers to a nz —BHy in a tetracoordinate complex.
Theoretically studied complexes will be labelled with the same convention,
though starting with T.

2.1.1
One Tetrahydroborate Ligand

The n!'-BH4~ coordination is much less common than the other two coor-
dination modes. Most of the ! complexes are constituted by late transition
metals and a large variety of phosphino ligands. Only tetrahedral (1.4/T1.4)
and octahedral (1.6) structures have been crystallographically characterised
(see Scheme 2). Complexes adopting tetrahedral geometries are d!° and con-
tain three phosphorus atoms coordinated to the metal centre. Although some
examples of pentacoordinated complexes are present in the literature, these

n! 1.4 1.6
(PhoMeP)sAg(n'-BH,) [18,19]  (dmpe)sHFe(n'-BH,) [24-26]
(PhoMeP)sCu(n'-BHy4) [20,21]  (binap)RuH(diam)( n'-BHy) [27]
g Cu(n'-BH,){tripod} [22,23] (Pnor)2RuH(n'-BHy4) [28]
T1.4 RuH(n'-BH4){Me(16)aneS4} [29]
[Cu(BH4)(PH3)3] [11] (dmpe),Mo(NO) (n'-BH,) [30]
1.4 16 (NO)(PMeg)3(CO)Mo(n-(BH4)[31]
T1.4 ’ (NO)(PMeg3)3(CO)W(n'-BH,) [32]

Scheme 2 X-ray characterised or calculated complexes with one 1! — BHy
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Scheme3 Coordination geometries for a (NSi2),V(n? — BH4)(thf) [42] and b (NSi2),Ti
(n? — BHy)(thf) (NSi2 = bis(trimethylsilyl)amine) [52]

structures do not correspond to covalent 1! complexes but to ionic M* BH,~
attachments. In these ionic complexes, the BH,™ is not acting as a ligand but
plays the role of a counteranion. Previous reviews have summarized exam-
ples of these species [3, 4], though they will not be considered in this chapter
dealing with covalent coordinated tetrahydroborate ligands.

For complexes with a n? coordination of the BH,~ ligand, a large num-
ber of structures are known with a large variety of coordination numbers and
geometries: trigonal-planar (TP), tetrahedral (TET), square-planar (SQP),
trigonal-bipyramidal (TBP), square-pyramidal (SQPY) octahedral (OCT) and
distorted octahedral (DOCT) (see Scheme 4). Nevertheless, some structures
are more common than others. Only one example of both the SQPY [5]
and DOCT [6] and two examples of OCT [7,8] have been reported. Lin-
ear structures M-n? — BHy (T2.1) and LM-(n? — BH") (T2.2) have only been
computationally studied [9, 10] and are not models of any experimental com-
pound. Several computational studies have also been performed in order to
study n? complexes with higher coordination numbers [11-17].

Many TP complexes with a 12 — BH4 group can be found. Between them,
two populated classes are those with two phosphino ligands (or a biden-
tate phoshine) (2.3/T2.3) and those with two n°-cyclopentadienyl ligands
(2.Cp2a/C2.Cp2). A profuse series of complexes containing two Cp or Cp-
derivate ligands, the n? — BH4 ligand and a Group 5 or Group 6 transition
metal center exist. A large number of niobium complexes are known, how-
ever several complexes of Ti, V and Sc have also been crystallised. Most of
the non-containing Cp ligand complexes have late transition metals (2.3/T2.3)
and a large number of them respond to the formula CuL,(n? — BHy). These
complexes can be described as tetrahedral if the n? — BH, group is considered
to occupy two coordination positions.

Both TET (2.4a/T2.4) and SQP (2.4b) tetracoordinated complexes with
a 12 — BHy ligand have been characterised. The favoured geometry depends
on the ligands, but also on the metal centre. For instance, in the couple
(NSi2),V(n? — BHy) (thf) and (NSi2),Ti(n? — BHy) (thf), the two complexes
have the same ligands (tetrahydrofuran and bis(trimethylsilyl)amine) and
differ only on the metal centre, and the d?-vanadium complex prefers the
tetrahedral geometry while the square-planar geometry is adopted by the d!-
titanium (Scheme 3). In Sect. 2.2.6, more details about (NSi2),V(n? — BHy)
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2.Cpa

T2.1

Au(BHy) [9]

T2.2
[(CH3)Zn(BH4)I [10]

2.3

(PhgP)oCu(n®-BHa) [1,33]
(dmphen)Cu(n?-BH,) [34]
(dmdphen)Cu(n2-BHy) [35]
(PBUPhy),Cu(n2-BHy) [36,37]
(PhaP),Cu(n2-BH,) [33,38,39)]
(SINCNSI),Ti(n2-BH,4) [40]

HC(CMeNCgH4iPrs)oZn(n2-BHy) [41]

T2.3
Cu(BH4)(PH3)2 [11]
[Cu(BH4)(PH3)2] [12]

2.4a

(tripod)Co(n2-BHa) [22]
(NSiz)oV(n?-BHy)(thf) [42]

Cu( 2-BH,)(phen) [P(OEt)3] [43]
(hdmpb)Cd(n2-BH,) [44]
(tmeda)ZnCl(n2-BHy) [45]
(phen)(PhsP)Cu(n2-BHj) [35]
(NSiz)2V(n?-BH,) (py) [46]

T2.4

[(tripod)Ni(n?-BH,)] [13]

2.4b
(terpy)Co(n?-BH,) [47]
(PCya)oHNi(n2-BHy) [48,49]

2
mn
N 111y 1, \\\\\\n
2.4a
T2.4 2.4b
2
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Ar
2.6b 2.Ar
2
n
Cp!
"n””I cpn cp.\\\\\u...
Cp' Cp'
2.Cp2a
T2.Cp2 2.Cp2b 2.Cp2c
(PCys)2HCo(n?-BH,) [50,51] 2.Cpa

(NSip)2Ti(n2-BH,)(thf) [52]
[NNN]Rh(n2-BHy4) [53]

2.5a

[(CO)4Cr(n>BH,)T [54]
[(CO)4Mo(n2-BHy)]" [55]
(PhgP)2(mphi)Ru(n?-BH,) [56]
(tripod)HFe(n2-BHy) [57,58]
(Me3P)sHRu(m2-BH,) [59]
(PMe3)2W(NO)(CO)(n-BHy) [60]
(PMeg)sRe(CO) (n?-BHy) [61]
T2.5

[Cr(BH4)(CO)4] [16,17]
[Mo(BH4)(CO)4]" [16,17]
[Mn(BH4)(CO)4] [12]

2.5b
(CNNC)Ti( n2-BHy) [5]

2.6a
((CsHg)3P)2H30s(n?-BH,) [8]
(dmpe),HCr(n?-BHy) [7]
T2.6

OsHgz(BHy4)(PiPr3),] [14,15]

2.6b
(PMeg)sHMo(n>-BHa)[6]

2.Ar

Cp(dmpe)V(n2BHy) [64,65]
Cp*Ti(?BH,)(PSiP) [66]
CpZr(n?BH,4)(N'CO) [67]

2.Cpb
CpZr(n?-BH4)(P'NP) [67]

2.Cp2a

CpaNb(n?BHy) [68-70]
(MeCp,)Nb(n2-BHy) [71]
(MetCp,)Nb(n2-BH,) [72]
(EtCpo)Nb( 2-BHy) [72]
(EtCpBu)Nb(n2-BH,) [72]
Me2Si(CsHa)2Nb(n2-BHy) [72]
Cp*2Nb(n-BH,) [73]
CpsTi(2-BH,) [68,74-76]
(CpBu),Ti(n?-BH,) [75]
(CpSiz)2Sc( n2-BH,) [77]
(EtCp2)V(n?-BHy) [68,72]
T2.Cp2
[Nb((CpSi)2(n-H2BH,)] [78]

2.Cp2b
CpMet),Y (n2-BHy)(thf) [79]

[(CpMe)2Zr(n?-BH,)(thf)]"BPh4 80]

2.Cpyc
Y(Cp-0)2(n?-BHj) [81]
Y(In-0)p(n%-BHa) [82]

C7HsCsH5P(iPr)zMO(T]Z-BH4) [62,63]

Scheme 4 X-ray characterised or calculated complexes with one 12 — BHy
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(thf) will be given. The effect of the ligands can be appreciated by compar-
ing (tripod)Co(n2 —BH,) (TET) and (terpy)Co(n2 — BHy) (SQP). For these Co
(I) complexes, we should expect a square-planar geometry which is the geom-
etry adopted when the ligands do not constrain the system. However, with
the tripod ligand, the square-planar geometry is not possible due to the con-
straints imposed by the tridentate P-ligand and a tetrahedral arrangement
is adopted. Tetracoordinated n? — BH; complexes with cyclopentadienyl or
its derivatives and thf ligands have been crystallographically characterised
(2.Cp2b, Scheme 4).

Almost all the pentacoordinated complexes adopt the usual TBP geom-
etry (2.5a, Scheme 4), which is in fact a formal octahedron if we consider
the 12 — BH, occupying two coordination sites. A variety of ligands can be
found in the complexes crystallised with this geometry: carbonyl, phosphino,
hydrides, ... and also several metal centres from Groups 5 to 7. Some of these
complexes have been studied computationally (T2.5). Yttrium pentacoordi-
nated complexes with both cyclopentadienly and indenyl derivatives have
been reported (2.Cp2c, Scheme 4). Only one example of a square-pyramidal
structure can be found (2.5b). It corresponds to the (CNNC)Ti(n? — BHy)
complex which can not adopt a TBP structure due to the ligand geometry.

Examples of hexacoordinated n? — BH; complexes are known with oc-
tahedral (2.6a/T2.6) and distorted octahedral molecular geometries (2.6b).
All of these structures present at least one hydride and two phosphino lig-
ands. The metal centres are d*-Group 6 or Group 8 transition metals. The
OsHs(BHy)(P'Pr3), complex exhibits interesting dynamical features which
have been computationally studied [14, 15] and will be discussed with more
detail in Sect. 4.

Complexes with one 1° — BH, ligand basically adopt two geometries, TP
(3.3/T3.3) and TET (3.4/T3.4) (Scheme 5). Linear M —n3 - BH4~ (T3.1) and
LM - 1 —BH, (T3.2) complexes have been only theoretically studied. It is

34
(tmeda)TiCl(n®-BHy) [86]

T34 [OPh]3Ti(n3-BH,) [87]

Cu(BHy) [9] (tBUNCH), TiCI(n3-BH.) [86]

Ag(BH) [9] Zr(n®-BHy)(Ad)3 [88]
(NCH)(NPh)Ti(n3-BH.) [5]

T3.2 (N-NPro)(CHtBu)Ti(n®-BHy) [5]

Cu(BH4(PHa) 111 TpMe,Ni(n3-BH,) [89]

3.3 35
YClo(n*BHy) [1] [Ti(CO)a(n>BH4)I-[83]
3.4 (CH30)2Y(®-BH,) [1] 135

TiHo(BH,) [84,85]

3.Cp2
(In-O)zLa(n®-BH,)[82]

Scheme 5 X-ray characterised or calculated complexes with one 1> — BH,
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worth mentioning the two structures which do not belong to these geome-
tries: the SQPY complex [Ti(CO)4(n* —BH4)]™ (3.5) [83] and a TBP lan-
thanide complex with an aromatic ligand (In — 0),La(n® - BHy) (3.Cp2). The
distorted geometry of the titanium complex is probably due to the fact that it
corresponds to a fragment of a chain. The second complex most likely adopts
trigonal bipyramid geometry due to the particularities of lanthanides and the
two indenyl-derivated ligands which could constrain the geometry.

2.1.2
More than One Tetrahydroborate Ligand

Complexes with more than one BH4™ ligand are less usual, and the set of
experimental structures found is considerably lower than that for monote-
trahydroborate complexes. First, we will discuss structures with the same
coordination mode for all the BH4~ ligands and then the “mixed” structures,
for which several BH4~ coordination modes coexist in the same compound.

Only one kind of structure with two n!'-BH,4~ ligands is known (Scheme 6).
Two octahedral complexes with two 1! ligands in trans have been reported.
However, one of the both, the chromium complex, is better described as ionic
due to the long Cr—B distance it shows (3.253, 3.309 A). The other one,
(dmpe), V(n! —BHy),, is a high-spin d* complex.

L 1.6.2
(dmpe),V( n'-BH,)2 [91,92]
(py)4Cr (n'-BHy)2 [93], ionic

1.6.2

Scheme 6 X-ray characterised or calculated complexes with more than one n! — BH,

Several examples of compounds with two or three n? —BH, ligands co-
ordinated to the metal centre have been described, adopting different kind
of structures (Scheme 7). Tetrahedral complexes with two cyclopentadienyl
and two BH4~ ligands (2.Cp2.2) have been characterised. Only one tetraco-
ordinated complex without Cp or Cp-derivate ligands has been crystallised:
(tmeda)Cr(n? — BHy),. The two tetrahydroborates keep the n? coordination,
after the addition of a pyridine ligand, leading to the pentacoordinated com-
plex (tmeda)(py)Cr(n2 —BHy4),. Some examples of pentacoordinated com-
plexes with the n? — BH, ligands in equatorial positions (2.5.2) and octahedral
complexes with the BH4™ ligands in trans (2.6.2) are known.

Complexes with three n? — BH, ligands present trigonal-planar, tetrahe-
dral and trigonal-bipyramidal geometries.



158 M. Besora - A. Lledds

2
2 2 n
M, “‘\\\n n Iy, “\\\‘\\ 2

2.4a.2 2.4b.2 25.2

2.3.3 243

2.4a.2 2,6.2 243
(tmeda)Cr(n>BH,), [93,94]  (dmpe)sTi(ho—BH4)» [91,96]  [Mn(n2-BHg)s(thf)] TPPh,]* [103,104]

2.5.2 2.Cp2.2 2.5a.3
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2.33 2.5b.3
(Ph4P)[Zn(m?-BH4)3] [101,102] (dmoe)Ti(n?-BHy)3[107,108]

Scheme 7 X-ray characterised or calculated complexes with more than one n? — BH,

Complexes with more than one n®—BH, ligand are found only with
Group 3 and Group 4 transition metals (Scheme 8). Most of them have no
other ligands than n® —BH,4 and they can accommodate until four n3-BH, .
These compounds raise important questions about the nature of the M-BH4
bonding since they are in evident contradiction with the 18-electron rule. Al-
though most of them are tetrahedral, examples of trigonal-planar, trigonal
bipyramid, octahedron, and pentagonal-bipyramidal are known.

A large amount of computational work has been developed in complexes
with more than one 1* — BH, ligand (T3.3.3 and T3.4.4).

Several complexes combining 12 and n® — BH, ligands in the coordina-
tion sphere have been reported with TP, TET, TBP and OCT geometries
(Scheme 9). It is worth comparing the tetrahydrobrate coordination modes
found in a series of M(BH4)3L, (M = Sc, Ti, V) complexes. Despite the three
compounds exhibiting TBP structures, vanadium shows the three BH4~ co-
ordinated n?, scandium prefers two n* and one 12, and titanium prefers two
n? and one n’-BH4~ ligands. These series have been theoretically studied
in order to discuss the importance of electronic effects as a main factor
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Scheme 8 X-ray characterised or calculated complexes with more than one n* — BHy

governing coordination modes of tetrahydroborate ligands [128]. The main
conclusions from these studies will be presented in Sect. 3.

2.2
Transition Metal-boron Distances

Due to the difficulties involved in locating hydrogen atoms using the usual
techniques of crystal structure resolution (X-ray crystallography), the co-
ordination mode of the BH4™ ligand can not be univocally determined by
X-ray diffraction analysis. A much better elucidation can be achieved from
the metal-boron distance. The M — B distance does not have the uncertainties
associated with the hydrogen localization and has been proven to be a good in-
dicator of the coordination mode of the BH4™. As it can be observed by simple
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Scheme 9 X-ray characterised or calculated complexes with both n? and n*BHy ligands

inspection of the M-BH, geometries associated to the different coordination
modes of the tetrahydroborate in covalent complexes (Scheme 1), the n! co-
ordination mode has the longer M — B distances, the n? has the intermediate
ones, and the 1 has the shorter distances. Naturally, these distances do not
only depend on the coordination mode of the ligand, but also on the transition
metal complex where it is included. The M — B distance for each coordination
mode strongly depends on the transition metal centre of the complex. That
is obviously due to the strong differences on the transition metal ionic radii.
Metals at the right of the periodic table show larger distances than those of
the left, and the first-row transition metals reveal shorter distances than those
of the third row. Good correlations between the metal ionic radius and M — B
distance was demonstrated for bidentate and tridentate coordinations [133].
As we will discuss later on, the M — B distance is also influenced for the set of
ligands different to the tetrahydroborate coordinated to the metal. This aspect
is made evident by comparing complexes with the same metal and the same
coordination of the BH4~ but with different ancillary ligands (see Sect. 2.2.5).
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In addition to the n!, n? and n* covalent transition metal tetrahydrobo-
rates, another type of complexes exist where the interaction between M* and
BH," is mainly electrostatic. These compounds which are quite common are
defined as ionic tetrahydroborate complexes. They are characterised by the
non-coordination of the tetrahydroborate and consequently by a long metal-
boron distance. Several compounds of this class have been wrongly classified
as monodentate covalent complexes.

We have analysed the experimental transition metal-boron distances for
covalent transition metal complexes with BH4~ ligands. The distances have
mainly been obtained from the Cambridge Data Base [134], however, the
most recent have been collected from the corresponding articles. In the fol-
lowing subsections, plots of the experimental M — B distances as a function
of the metals are presented (Figs. 1-10). A separate discussion for each tran-
sition metal row is given and within each row, n!, n? and 3, coordination
modes are analysed individually. A distinction is also done depending on
the number of tetrahydroborate ligands of the complexes: in grey, complexes
with only one BH4™, in black, complexes with two BH4™, in white with black
lines, complexes with three or more BH4™, and black with white lines in-
dicate complexes which combine two coordination modes. Squared bands
show the average of the M — B distances while non-squared show the indi-
vidual distances located. This classification allows for the comparison be-
tween the different complexes, and general trends about the evolution of
the M — B distances along the periodic table arise from this analysis. Rep-
resentation of the M — B distances vs. atomic number has also allowed the
localization of some complexes likely with the coordination mode wrongly
assigned.

2.2.1
First-row Transition Metals

A large number of covalent tetrahydroborate complexes with first-row tran-
sition metals has been described. The most common coordination mode of
the tetrahydroborate ligand is n?, being known as at least one example of
n% —BH, for all the transition metals of this row. Although less abundant,
several n! and n? complexes have been characterised experimentally, though
only for a limited number of metals. In particular, most of the monodentate
complexes are Cu compounds and most of the tridentate are Ti compounds.

Before discussing M — B distances in monodentate complexes, it must be
emphasised that in all the real n!-BH4 compounds, the tetrahydroborate is far
from the ideal n!-BH, coordination defined by a linear arrangement of the
M -Hj — B atoms (Scheme 10). This angle is considerably lower than 180°.
What is distinctive from all the n! complexes is that although two terminal
hydrogens are pivoting to the metal, they are still far away enough to preclude
any M — H strong interaction.
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Scheme 10 Coordination in ideal (a) and real (b) n' — BHy complexes

In Fig. 1, the M- B distances for first-row n!-BH4~ complexes are pre-
sented. The expected tendency of longer metal-boron distances at the left
of the periodic table is found, although vanadium and iron complexes show
very close M —B distances. The difference between the longer (V) and the
shorter (Cu) distances is 0.4 A. It is worth mentioning that there is a differ-
ence of more than 0.2 A between the set of Cu-(n'-BH,) complexes, stressing
the influence of the ligand on the M — B distance. The shortest Cu — B distance
(2.441 A) is found in Cu(n! - BH,){MeC(CH,PPh;);} and the longest one
(2.646 A) in Cu(n' — BHy)(PMePh;)s. Both complexes are four-coordinated
and tetrahedral (1.4, Scheme 2) with the Cu coordinated to three phosphorus
and the BH,". It seems that the more constrained ligand {MeC(CH,PPh;);}

nl First-row Transition Metals

‘ n', 1BH,, @ n', 1BH,, average mn',2BH,, m n', 2BH,, aver. ‘

2,9

2,85

2,8 B

2,75 B

2,7 B

2,65 B

2,6 B

2,55 B | |

2,5 E— -

2,45 - L

2,4 T T T T T T T T
Sc Ti \ Cr Mn Fe Co Ni Cu Zn

Fig.1 M—B distances for n! —BHy first-row transition metal complexes. In grey, com-
plexes with one n! —BH,~ and in black, complexes with two n? —BH, . Squared bands
show the average values of a group data
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allows a better interaction between the metal and BH4~ (lower M —B dis-
tance) than the three PMePh;,, due to a lower P— Cu—P angle in the con-
strained ligand. However, Cu(n! — BHy)(PMePh,); has been largely studied
and Cu — B distances of 2.499, 2.517, 2.578 and 2.646 A have been obtained for
the same complex in different studies [20, 21]. The value of 2.517 A is the only
one obtained by neutron diffraction. These notable variations in the M —B
distances are related to the decreasing of the M — H,, — B angle in n! structures
at a very low energy cost. Closing of this angle entails the decreasing of the
M - B distance.

Figure 2 is the representation which contains more data since n? — BHy lig-
ands are known for all the first-row transition metals. Titanium, copper and
chromium are the metals for which more examples of n? coordination can be
found. For copper, all the examples correspond to complexes with only one
BH4™ ligand. While for titanium, complexes with more than one tetrahydrob-
orate have also been reported.

Looking at the figure, the longer distances are observed at the left and the
shorter distances are at right, as expected. By comparing the average M — B
distances obtained for the different metals, a remarkable difference of 0.4 A
is found between the longer (scandium: 2.528 A) and the shorter distances
(zinc: 2.120 A). Vanadium data does not precisely follow the general tendency
of longer distances on the left, and has a shorter metal-boron mean distance
than the metals on its right (Cr, Mn). Four examples of vanadium complexes
with one n? — BH,~ ligand are known and three of them present short distances
around 2.3 A or less (lower distances correspond to complexes containing Cp
ligands). Analogue to these vanadium complexes, several titanium complexes
with Cp ligands have been characterised, even though they do no present
shortened distances. An easy explanation for these short distances in van-
adium complexes is not evident. Complexes at the right of the periodic table
present similar mean values of M — B distances, deviations being below 0.1 A.

Differences found in complexes with the same metal but different num-
ber of tetrahydroborate ligands can be significant. For instance, for tita-
nium, the mean value of the Ti— B distance in complexes with two BHy4~
ligands is about 0.1 A longer than the average obtained for complexes with
more than two BH,~ ligands. The same tendency is observed for manganese
and zinc (in this case, comparing complexes with one and more than two
BH,~ ligands). As already found in n' complexes, the copper n? complexes
present a broad range of Cu—B distances. Very low distances of 2.079 A
(in Cu(n? - BH4)(dmphen)) and 2.112 A (in Cu(n? - BH4)(dmdphen)) coex-
ist with long Cu—B distances as 2.344 A (in Cu(n? - BHy)(phen)(P(OEt)3))
and 2.320 A (in Cu(n? - BH4)(phen)(PPh3)). The Cu(n? - BHy)(phen)(PPhs3)
complex has been crystallised and resolved by Green and co-workers in dif-
ferent studies and conditions [34]. The crystallographic data obtained pro-
duce different Cu— B distances: 2.274, 2.290, 2.295 and 2.320 A. The 2.290 A
distance belongs to the unique neutron diffraction analysis.
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Between the first-row transition metals, only titanium and nickel com-
plexes with BH4~ ligands coordinated in the a n* coordination mode have
been characterised (Fig. 3). For titanium, both complexes with one and more
than one 1? — BH4 can be found, whilst for nickel, only one compound with
one n® — BHy is known. The longest Ti — B distances are found in complexes
with more than two BH4™, in contrast with observations done in the case of
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n? coordination mode, where complexes with more BH4~ ligands have shorter
distances. However, differences are slight, the greater discrepancy (less than
0.1 A) being found between two Ti 1> complexes with one BH,".

2.2.2
Second-row Transition Metals

Presence of BH,™ ligands in complexes of the second-row transition metals
row is not as usual as in complexes of the first row. As for the first row metals,
the most frequent coordination mode is the n? one.

The 0! coordination mode has been crystallographically observed for
three metals of this row: molybdenum, ruthenium and silver, although only
one silver complex has been characterised (Fig.4). The ruthenium mean
distance is larger than the molybdenum one, not following the general ten-
dency of larger distances on the left. However, the difference is small. In
the ruthenium data, the difference between higher and lower distances is
about 0.14 A, the longest distance (2.947 A) corresponding to the Ru—B
distance of one of the two molecules found in the crystal cell of the
[(binap)(diam)RuH(n1 —BH,4)](THF)(C¢H14) [27]. The other molecule has
a distance of 2.849 A. The shorter Ru — B distance (2.810 A) has been found in
(Pnor),RuH(n' — BHy) [28].

n% — BH; complexes are found for all the second-row transition metals,
with the exception of technetium, palladium and silver. The most popu-
lated classes correspond to the early metals of the row: yttrium, zirconium
and niobium. The general tendency of larger distances at left and shorter at
right is followed with the exception of niobium and cadmium. The niobium
mean distance (and individual Nb — B distances) is notably shorter than the

n1 Second-row Transition Metals
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Fig.4 M-B distances for n' —BH, second-row transition metal complexes. Only com-
plexes with one n! — BH;~ have been reported. Squared bands show the average values of
a data group
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zirconium one and also slightly shorter than the molybdenum one. This is
probably due to the fact that all the niobium data collected corresponds to
the same kind of complexes which have two cyclopentadienyl ligands (2.Cp2a
in Scheme 3). These complexes present shorter metal-boron distances than
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related compounds without Cp ligands. Only one cadmium complex with
a 12 —BH,4~ ligand has been studied crystallographically. The Cd — B dis-
tance is longer than those of ruthenium and rhodium compounds.

Only yttrium and zirconium complexes with n° coordination of BH4~ can
be found between the second-row transition metals. The corresponding data
is presented in Fig. 6. Notable differences exist between the complexes formed
by the two metals. While averages of the different kind of zirconium com-
plexes present close distances, averages of yttrium complexes show important
variations. In complexes containing more than two BH4™ ligands, the mean
value of the Y — B distance is 2.411 A, while for complexes combining n? and
13 coordination modes, it is 2.574 A.In (thf)3Y(BHy4)3, the Y — B distances are
significantly longer (2.680 A) than the other two Y — B distances (2.574 A),
which is in agreement with a (thf);Y(n? — BHy)(n? — BHy), structure.

2.2.3
Third-row Transition Metals

Tetrahydroborate complexes with third-row transition metals are much less
abundant than for first or second row metals. Only complexes with lan-
thanum, hafnium, tungsten, rhenium and osmium have been characterised
by diffraction techniques. For each metal, only a few compounds are known,
making conclusions less reliable regarding the M — B distances.

n!-BHy ligands have only been found in two tungsten compounds (Fig. 7).
The two distances obtained differ in less than 0.1 A.

n' Third-row Transition Metals
n', 1BH, - @n', 1BH,, average ‘

2,95 -

2,925

2,9

2,875

2,85 —

2,825

28 ; . ] . ; ; . .
La Hf Ta w Re Os Ir Pt Au Hg

Fig.7 M-B distances for n! —BH4~ third-row transition metal complexes. Only com-
plexes with one 1! — BH,~ have been reported. Squared bands show the average values of
a data group
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As for the first and second row metals, n? coordination is the most com-
mon coordination mode found. It is known for the five metals, although only
one complex for each metal is known. The distances are presented in Fig. 8.
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The general tendency of longer distances on the left and shorter on the right
is maintained.

It can be observed in Fig. 9 that the n° coordination mode is quite usual
for lanthanum. The only example know with a different metal is a hafnium
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complex. The Hf — B distance is notably shorter than the La — B ones. In fact,
the “particular” distance is not that of hafnium, but those of lanthanum com-
plexes. Lanthanum presents very long distances for a 1> coordination (more
than 2.7 A). That is probably due to the fact that the lanthanum should be
considered as a Lanthanide and not a transition metal. Electrostatic compo-
nents could be dominant in the La — BHy interaction.

2.2.4
General Trends

In Fig. 10, the average values of the metal-boron distances obtained from
crystallographic data are depicted for each transition metal and each coordi-
nation mode. The results are given following the periodic order. In white, the
results for the first transition metal row are presented, in grey, results for the
second, and in black, results for the third. There are three bars for each tran-
sition metal: on the left, the average of n! distances (plain), in the middle, the
n? (squared), and at the right, the n® mean values (vertical bordered).

The assumption that for a particular transition metal the M — B distances
follow the order: n! > 12 > 1> can be clearly appreciated from Fig. 10. By com-
paring metals from the same group, third-row transition metals have M —B
distances longer than second-row metals and second-row longer than first-
row, according to the radius variation. Also, according to the radius variation,
the M — B distances usually decrease along a period, the longest ones being
found for complexes with metals left of the period.

It can also be observed in Fig. 10 that the n? coordination mode is the most
common. It is the only one that can be found for the entire series of first-
row transition metals, and for almost all the second-row metals. Moreover, 1>
coordination is known for all the third-row metals which coordinate BH4".
The n* coordination mode is quite usual for elements at the left of the peri-
odic table, however it is not found for elements at the right. The number of
well characterised n'-BH, complexes is still scarce. The n!-tetrahydroborate
complexes are found with metals of groups 5-6, 8 and 10.

225
Ligand Effects in Transition Metal-boron Distances

In the previous subsections, we have discussed the dependence of the M — B
distances on the coordination mode and the metal. For a particular metal and
coordination mode, we have already noted marked differences in the M —B
distances depending on the ancillary ligands that accompany the tetrahydrob-
orate on the coordination sphere. In this subsection, we will further analyze
the ligand effects taking two metals, one at the left of the periodic table (ti-
tanium) and the other one at the right (copper), for which the large amount
of structural data allow the comparison to be done. Tables with the available
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Table1 M —B distances (A) in titanium n? tetrahydroborate complexes

Ti-n?
Ti-B distance BH4~ coordination mode and ancillary ligands Refs.
A)
2.174 n>-BHy Cco Cco Cco Cco [83]
2.175 n>-BHy n*-BHy (*BuNCH), [86]
2.175 n>-BHy cl (*BuNCH), [86]
2.184 n>-BHy n°-BHy bp [109]
2.191 n>-BHy n?-BHy n*-BH, PEt; PEt; [131]
2.195 n>-BHy n?-BHy n*-BH, PMe,Ph PMe,Ph [131]
2.2 n>-BHy N-Npro CH'Bu [5]
2.205 n>-BHy n>-BHy bp [109]
2.207 n-BHy Oph Oph Oph [87]
2218 n°-BHy n°-BHy n*-BH, [116]
2.265 n>-BH, NCH NPh [5]

Table2 M — B distances (A) in titanium 1?2 tetrahydroborate complexes

Ti-n?

Ti-B distance BH4~ coordination mode and ancillary ligands Refs.
A)

2.304 n*-BH, n>-BHy (*BuNCH), [86]
2.367 n*-BH,4 Cp Cp [68]
2.401 (a) n*-BH,4 n?-BHy n*-BH, dmoe [108]
2.405 (a) n*-BH,4 n?-BHy n*-BH,4 dmoe [108]
2.409 (b) n*-BH,4 n?-BHy n*-BH,4 dmoe [141]
2.411 n*-BH, CpBu CpBu [75]
2.411 (b) n*-BH,4 n?-BHy n*-BH,4 dmoe [141]
2.411 (b) n*-BH,4 n*-BH, n*-BH,4 dmoe [141]
2.418 n*-BH, CNNC [5]
2.421 n*-BH, SiNCNSi SiNCNSi [40]
2.424 (a) n*-BH, n*-BH, n*-BH, dmoe [108]
2.444 n*-BH, Cp* PSiP [66]
2.445 n*-BH, n?-BH, PMes PMes Oph [87]
2.446 n*-BH, n?-BH, n*-BH, PEt;3 PEt3 [131]
2.449 n*-BH, n*-BH, n*-BH, PEt;3 PEt3 [131]
2.45 n*-BH, n*-BH, n*-BH, PMe,Ph  PMe,Ph [131]
245 n°-BHy n?-BH,4 n?-BHy PMe,Ph  PMe,Ph [131]
2.454 n*-BH, N(SiMes), N(SiMes), (thf) [52]
2.457 n*-BH,4 n?-BHy PMe; PMe; OPh [87]
2.475 n*-BH,4 n?-BHy N(SiMes), py pY [52]
2.482 n*-BH,4 n?-BHy N(SiMes), py pY [52]
2.534 n*-BH, n?-BHy dmpe dmpe [91]

2.534 n*-BH,4 n?-BHy dmpe dmpe [91]
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metal-boron distances for Ti (Tables 1 and 2) and Cu (Table 3) are presented
in increasing order of the M — B distance. The ligands are added to the tables
according to the number of coordination sites they occupy. A ligand occupying
one coordination site will occupy a cell in the table, while a ligand occupying
two coordination sites will occupy two cells. In the complexes with more than
one BH,™ ligands, two M — B distances are given. Titanium tetrahydroborate
complexes present 12 and 1> coordination modes, whereas copper compounds
show 1! and n? coordination modes. Some examples of ionic copper com-
pounds are also included in Table 3 for comparative purposes. For each metal,
the expected order (Ti—Binn? < Ti—-Binn?and Cu—Binn? < Cu-Binn!)
is found. However, significant differences in the M — B distances are obtained
for complexes with the same coordination mode. The n? Ti — B distances span
arange of 0.13 A (from 2.17 to 2.30 A) and a slightly broad range is found for
the 1 ones (0.16 A, from 2.37 to 2.53 A). Larger variations in the M — B dis-
tance are even found in the series of Cu complexes (0.26 A in n? and 0.20 in
n!). Longer distances are found in the more sterically encumbered complexes,
pointing out the influence of steric factors in the M — B distances.

Table3 M — B distances in copper tetrahydroborate complexes

Cu
Cu-B distance ~ BH4~ coordination mode and ancillary ligands Refs.
A4)
2.079 n?-BHy dmphen [34]
2.112 n?-BHy dmdphen [35]
2.184 (b) n?-BH, PPh; PPh; [1,33]
2.189 n?-BH, PPh; PPh; (CsH5N) [142]
2.190 n?-BH, PBuPh, PBuPh, [36,37]
2.212 (¢) n?-BHy PPhs PPhs [38]
2.252 (d) n*-BH, PPhs PPhs [39]
2.274 (a) n*-BH, PPh; phen [35]
2.290 (b) n*-BH, PPh; phen [35]
2.295 (c) n?-BH, PPh; phen [143]
2.320 (d) n?-BH, PPh; phen [35]
2.344 n?-BH, P(OEt)3 phen [43]
2.441 n'-BH, tripod [22,23]
2.499 (a) n'-BH, PMePh, PMePh, PMePh, [20]
2.517 (b) n'-BH, PMePh, PMePh, PMePh, [20]
2.578 (c) n'-BH, PMePh, PMePh, PMePh, [20]
2.646 (d) n'-BH, PMePh, PMePh, PMePh, [144]
3.093 BH4~ Cyclam [145]
3.18 BH4~ TMAC [145]

7.197 BH,4" TMAC [145]
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Usually the addition of a new ligand entails a decrease in the denticity
of the tetrahydroborate ligand, as expected from qualitative orbital analysis
(Sect. 3.1). In this way, copper complexes with ligands occupying four coordi-
nation sites do not coordinate BH,~ and are described as ionic tetrahydrob-
orate complexes. Analysis of several Cu(n? —BHy4)L, examples demonstrate
the importance of ligand effects both in M — B distances and on choice of
the coordination mode. Both complexes with L = PR3 or L, = dmphen and
dmdphen (phenantroline derived ligands) have a bidentate tetrahydroborate,
though with slightly longer distances for the phosphine complexes (Table 3).
After coordination of another PR3 ligand, both complexes evolve in a new
complex with a longer Cu — B distance. However, phenantroline derived com-
plexes conserve the n? coordination mode, while the biphosphino complexes
evolve to a ! coordination mode of the BH,".

2.2.6
Wrongly Assigned Complexes

In absence of a precise location of the hydrogens, the difficulties in univo-
cally assigning the coordination mode of the tetrahydroborate, especially in
complexes with more than one BH4™, can be illustrated with several exam-
ples of wrongly assigned complexes which are found in the literature. Some
of them will be discussed in this section, exemplifying the usefulness and
limitations of M — B distances for assigning tetrahydroborate coordination
modes.

[Mn(BH4)3(thf)] ~[PPhy]* was initially described by Lobkovskii et al. [103]
as having three n! — (BH,)3. However, the n! complex should be 13e-complex
following the electron counting described in Sect. 3. Moreover, the M — B dis-
tances are too short for a n! coordination (2.368, 2.335 and 2.362 A). The
M - B distances in this compound are in the range of those presented on Fig. 2
for a 2 —BH,4~ coordination mode, and the complex is better described as
[Mn(n? — BHy)3(thf)]~. This n? — BH4~ coordination was already reported in
the Makhaev review [3].

The (‘BuNCH),Ti(BH4), was described in the review of Xu and Lin as
presenting two n3-BH,~ ligands coordinated to the titanium [4]. However,
the X-ray diffraction results indicate that both n*- and n? — BH, are found
in this complex, although in the !H and !B NMR results, no difference
between these two ligands is apparent. The Ti— B distances are 2.175 and
2.304 A, which support the hypothesis of a > — BH, and a 1> — BH, coordi-
nation. The 2.175 A distance is too short to be considered as a Ti — B n? — BHy
distance and it is in agreement with the other Ti—B n* —BH,4 distances.
It should be noted that Herrmann et al. reported this complex as having
one n*- and one n? —BH,~ ligand [86]. The same complex with zirconium
(‘BuNCH),Zr(n? — BHy), is actually a bis-(n® — BH4) complex with two simi-
lar and long Zr — B distances of 2.380 and 2.331 A.
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Another interesting complex which has been an object of study is the
d! titanium complex [(Me3P),Ti(BH4)3] synthesized by Girolami et al. in
1986 [135]. The authors initially concluded that two of the three BH4~ were
coordinated to titanium through formation ofa Ti —- Bbond and a« B — Hagos-
tic interaction with the metal centre, and the third BH4~ was as a “normal”
n? — BHy ligand. Subsequent theoretical studies on the model of this system
(H3P),Ti(BH4)3 by Volatron et al. [128] showed that the most stable structure
does not contain any Ti — B bond nor an agostic interaction. The authors of the
computational work put forward a (H3P),Ti(n? — BH4)2(n? — BHy) structure.
This theoretical proposal has been recently confirmed by a thorough reinvesti-
gation of the nature of the BH4 binding in these complexes which demonstrated
that the crystallographic structure of (Et3P),Ti(n? —BHy4),(n® - BH4) and
(Me,PhP),Ti(n? — BHy),(n? — BHy4) correspond to a complex with two BH,~
coordinated as 12 — BH, and one as > — BH, [131]. The bonding in this com-
plexis discussed in Sect. 3.1.

The vanadium complex (NSi2),V(n? — BHy)(thf) presents a V — B distance
(2.382 A) too long for a n? —BH, coordination [42]. Moreover, it should
be a 14e-complex. Related vanadium complexes as Cp(Me,P(CH;),PMe,)V
(n? —=BH4) and Me4Cy(CsHy4),V (0% — BHy) have shorter V—B distances of
2.254 and 2.274 A, respectively [64, 65, 68,72]. The (NSi2),V(n? - BH4)(py)
also hasashorter V — B distance (2.305 A) [46]. Reinvestigation of the structure
is suggested.

The Yttrium complex [(thf);Y(BHy),]* has been studied experimen-
tally [111, 112] and computationally [113]. Experimental results (X-ray diffrac-
tion) can not discriminate between 12 and n® coordination modes [111, 112].
The Y - B distances (2.533 and 2.496 A) are located between the averages
of n* = BH4 and n? - BH4. Computational work performed by Lin and co-
workers [113] showed that the most stable isomer was [(thf),Y(n? — BHy),]™.
This study illustrates the importance of the electrostatic effects on the M — BH,
interaction and will be discussed in Sect. 3.2.

The analysis of the experimental M —B distances has also allowed the
location of some examples of ionic complexes described in the litera-
ture as ML,(n' — BHy4). The long Cu-B distances preclude BH4~ coordi-
nation. These examples are the copper complexes [Cu(Cyclam)]* [BHy4]™,
[Cu(TMAC)]* [BH4] ™, (TMAC = CyclamMey) (see Table 3) and the chromium
complex [(py)4Cr(n' — BHy)]* [BH4]".

23
Stretching Vibrations of the B-H Bonds

Due to the difficulties concerning crystallization and the non-precise local-
ization of hydrogen atoms using X-ray diffraction, the examination of IR
frequencies has been very useful for the assignment of the coordination
mode of the BH4~ ligands. However, this method may be imprecise since
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B — H stretching vibrations cannot be uniquely related to one coordination
mode.

When a BH,™ is coordinated, it suffers several deformations. On one side,
its local symmetry is lowered from the T; symmetry in the free anion to the
Cs, in the 0! and n? coordination modes and C,, in the n? one. Moreover
the B — Hpyigging bonds lengthen and the B — Herminal Ones shorten. In this
way, as a consequence of the coordination, both the number of bands and
their positions are modified respect the vibrational spectrum of the free an-
ion. The tetrahedral BH;~ (B —H = 1.26 A) shows two stretching frequencies
at 2264 and 2240 cm™'. When coordinated, two types of stretching frequencies
appear depending on the terminal or bridging nature of the hydrogen. The
B — Hj bonds are weakened and the B — H; strengthened with respect to the
free anion (for instance, in diborane: B—Hj, = 1.34 A and B— H, = 1.20 A).
These changes in the B—H bonds are also reflected in the B —H stretching
frequencies, and high-frequency terminal v(B — H;) are well-separated from
the low-frequency bridging v(B — Hp).

According to the literature, in mononuclear MBH, systems, B — H stretch-
ing frequencies are localized within 1900-2600 cm™'. The main characteris-
tics of the IR frequencies of the three coordination modes are:

e 1!-BH; complexes exhibit two bands within the region 2300-2450 cm™!
assigned to the B — H; stretching and a strong absorption at 2000 cm™!
corresponding to the B — Hy, stretching;

e 12— BHy coordination is characterised by the presence of second B —H,
stretching between 1650-2150 cm™. B—H, stretching frequencies are
identified by a doublet between 2400-2600 cm™';

e 1> — BH, coordination are identified by a B — H; stretching singlet between
2450-2600 cm™' and a B — H doublet between 2100-2200 cm™".

A large amount of vibrational data can be found spanning a great diver-
sity of complexes in all the coordination modes. In Fig. 11 we present only
frequencies of first-row transition metal complexes which have also been
characterised by X-ray diffraction. In Fig. 11, complexes are presented from
the left to the right of the periodic table, and classified by coordination mode,
first n!, then 1?2, followed by combined complexes with n? and n3-BH,~ lig-
ands, and finally n® complexes. Depending on the system, a large or small
number of frequencies are reported on the experimental papers, allowing dif-
ferent complexes to have a different number of frequencies represented. For

Fig.11 B-H stretching frequencies of first-row transition metal complexes which have
been characterised by X-ray diffraction. Complexes are presented from the left to the
right of the periodic table, and classified according to coordination mode, first n!, then
n?, followed by combined complexes with n? and n? BH4~ and finally n* complexes. The
highest frequency is represented as a black rhomboid, the second as a grey square, the
third as a white triangle and so on
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each complex, each frequency has a different mark. The highest frequency
is represented as a black rhomboid, the second as a grey square, the third
as a white triangle and so on. For all the complexes, the highest frequency
corresponds to the B — H; stretching (represented by a black rhomboid). This
frequency is found at higher values when the denticity of the tetrahydroborate
ligand increases. Complexes with n!-BHy ligands have the higher frequency,
lower than 2400 cm™!, while the n? coordination mode gives the higher fre-
quency, around 2400 cm™!, and the n? coordination mode has the highest
frequency located between 2500-2600 cm™'. Another important characteris-
tic is that while for n! and n® coordination modes this frequency is a singlet,
for the n? coordination mode it is a doublet.

Other particular frequencies can be observed. For the n!' coordination
mode, a frequency appears around 2000 cm™! or a bit higher (grey or black
squares). For n? complexes, frequencies in this region can also be seen, how-
ever they span a broad range, up and down, between 2150 and 1850 cm™!,
BH,~ ligands coordinated in a n> mode present a doublet around 2100 cm™!.

Analysis of the frequencies can allow one to distinguish between com-
plexes with BH4~ coordinated in different coordination modes. Moreover,
several complexes that do not exactly follow the trends stated above can
be located in Fig. 11. This is the case for complexes (dmpe),V(n! —BHy),,
(CpSi2)2Sc(n® —BHy), (tmeda)Cr(n® —BHy)z, [(CO)4Cr(n?—BHy)], (thf)s
Mn(n? - BHy),, [Mn(n?—BHy)3(thf)]"[PPhy]*, (PCys),HNi(n?-BH,) and
(bp)Ti(n® — BHy)a.

The (dmpe), V(1! — BHy), complex presents quite ambiguous signals. The
presence of two bands, like a doublet, between 2300-2350 cm™! does not
seem to fit into a ' coordination, but at the same time, they are too low for
a n? coordination. Looking at the V — B distances (2.833 A), the coordination
mode is clearly n'. The distances are too long for n? coordination and conse-
quently the complex must have the two tetrahydroborate ligands coordinated
as n'-BH,.

(CpSiZ)ZSc(n2 — BH,) does not show the doublet between 2400-2600 cm™!
characteristic of the 1> mode [77] Moreover, it is a 16-electron complex and
a n® —BH, coordination could be expected in order to obey the 18-electron
rule (see Sect. 3.1). Nevertheless, its frequencies are too low for 13 coordina-
tion and the Sc — B distance also agrees with n? coordination. This behaviour
has been interpreted as an indication of the importance of electrostatic inter-
action for early transition-metal tetrahydroborate complexes [113].

(tmeda)Cr(n? — BHy), and [(CO)4Cr(n? — BHy)] do not show the expected
doublet for the B—H; stretching according to the n? coordination of its
BH,~ ligands. The first vibrational spectrum of [(CO)4Cr(n?-BHy)] did
not fit in the n? coordination frequencies [54]. Frequencies were reinves-
tigated and the new data obtained (represented in Fig. 11 the new and
the old values) is in perfect agreement with a n? coordination of the
BH,~ ligands. The signals of the (tmeda)Cr(n? — BHy), complex could be
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interpreted as corresponding to two BH,~ ligands coordinated in a mon-
odentate manner [93]. However, the Cr—B distances for this complex
are 2.44 and 2.42 A too short for a monodentate coordination and typ-
ical for bidentate tetrahydroborate ligands. Two manganese complexes,
(thf)sMn(n? = BHg); and [Mn(n? — BHy)3(thf)]"[PPhs]*, do not show the
doublet either. However they are complexes with n? — BH,~ ligands [103, 104].
The [Mn(n? — BHy)3(thf)]"[PPhy]* complex was discussed by Xu and Lin [4]
as a complex with three n!-BH4~ ligands. The complex has been described
by Makhaev [3] as a 12 complex. The absence of a doublet could sup-
port the 1! structure, but the high value of the higher frequency and the
crystallographic data support the n? one. Also, the (PCy3)2HNi(n2 —BH,)
complex does not show the doublet. However, this complex has a 18 electron-
configuration being n?, and its Ni — B distance corresponds to a n? ligand. The
(bp)Ti(n® — BH,), complex presents a doublet which could be explained by
a 1? coordination of the BH4-ligands. However, the frequencies are too high
for this kind of coordination. Considering the 1’ coordination, the complex
has a 16 electron configuration in agreement with a Ti d° metal centre.

3
Theoretical Analysis of the Coordination Modes

3.1
Qualitative Orbital Interaction Analysis

The way in which a BH4™ ligand interacts with a transition metal depends
on its coordination mode (n!, n? or n?). Basically, this ligand is isoelectronic
with methane and is characterised by four occupied MOs (a; and t;). The low-
lying fully symmetric a; orbital can be neglected in the bonding scheme, as
shown by Hori et al. in the ab initio study of Be(BHy), [136]. Therefore, the
BH4™ ligand has three t; orbitals susceptible of interacting with a transition
metal fragment. Due to the low electronegativity of the boron atom, t, orbitals
are mainly developed on hydrogen atoms. A significant d-t, overlap is there-
fore found only if the hydrogen atom involved in a particular t, orbital points
toward the metal. As a consequence, the interaction scheme depends strongly
on the coordination mode. A single t; orbital interacts with the metal in the
n' coordination mode, while two and three orbitals are involved in the n? and
n® modes, respectively. The three t, orbitals can be labelled as o, 7w and
are depicted in Scheme 11

Theligand orbital involvedinan! coordination modeis o, thoseinn? and n?
being (o, 7|) and (o, 7 1 ), respectively. Aslong aslow-lying orbitals of proper
symmetry are present on the metal fragment, n! -BHy acts as a 2-electron donor
and n? — BH, and 1® — BH, act as 4- and 6-electron donors, respectively. From
this orbital interaction scheme, the coordination mode can be easily predicted
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Scheme 11 BH,~ orbitals involved in 1!, n? and 1? coordination modes

from a simple electron count. For closed-shell complexes, the optimal coordi-
nation is obtained in order to get a formally 18-electron complex. The ideal
electron number may be different from 18 in paramagnetic complexes: for
instance, it is 16 in high-spin d*> complexes and 17 in d! ones.

Numerous examples of mono(tetrahydroborate) complexes illustrate this
simple relationship between the BH4~ coordination mode and the 18-
electron rule. A nice case can be found in the series of Cu-borohydride
complexes. The tetrahydroborate ligand is bound in an n! fashion in the
Cu(BH4)(PMePh;); complex, in which the total number of electrons is
10(Cu) + 3 x 2(phosphines) + 2(BH4~). The loss of a phosphine group in
Cu(BH4)(PPh3), entails a change in the coordination mode of BH;™(n!—»?)
in order to keep the 18-electron count.

The situation becomes more complex when several BH4™ ligands are
bound to the metal. For instance, in Zr(n> — BHy)4 or in Hf (n® — BHy)4 it has
been shown that each of the four groups cannot act as a 6-electron donor
(leading to a 24-electron complex!) because there are not enough acceptor
orbitals on the metal. However, a 18-electron count is still obtained when
symmetry restrictions are taken into account for orbital interactions.

To illustrate the way the electron counting can be achieved in complexes
with more than one tetrahydroborate group bound to the metal, let us con-
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sider Ti(BH4)3. This complex with three BH4™ ligands adopts a trigonal-
planar geometry with respect to the boron atom of BH4™ [116]. We will
only examine the most symmetrical structures in which the BH4~ ligands
are all bound in the same way to the metal (mono-, bi, and tridentate, 1-4
Scheme 12), the metal and B atoms being coplanar.

Y
|
T/

E

3(3,3,3) 4 (2%,2*,2%)

Scheme 12 Most symmetrical structures in Ti(BH4)3

In the (n!,n!,m!) or (1,1,1) structure (1), only the o orbitals on the ligands
are involved. Their proper symmetry combinations can interact with three
metal orbitals (for instance, s, px and pj; Scheme 13) so that the three BH,~
ligands act as a 6-electron donor in this coordination mode. Since one elec-
tron is remaining in the d block (d! complex), the total number of electrons
is 7 in the (1,1,1) structure.

In the (2,2,2) complex 2, with all the bridging hydrogen atoms lying
in the MB; plane, the 7| orbitals must be considered in addition to the
o ones. The two lowest symmetry combinations can interact with the xy
and x?-y* d metal orbitals (Scheme 14). The highest one is of f symme-
try (three nodal planes) and cannot find any symmetry-adapted orbital in
a transition metal. Consequently, the three BH4™ ligands act as a 4-electron
donor through their )| orbitals. The (2,2,2) structure can be described as
a 6(0) + 4(m)) + 1(Ti) = 11-electron complex.

In the (3,3,3) structure 3, the three 7 orbitals are involved. They mix
to give three symmetry-adapted orbitals which can interact with the p;, xz



184 M. Besora - A. Lledds

+

-+
o }"Q yL.x

Scheme 13 Interactions between the symmetry-adapted combinations of the ¢ orbitals of
the BH,~ ligands and the metal orbitals. For the sake of clarity, the o orbitals are pictured
as a combination of simple boron p orbitals

5 +++f§%

Scheme 14 Interactions between the symmetry-adapted combinations of the ) orbitals
of the BH4™ ligands and the metal orbitals. For the sake of clarity, the ) orbitals are
pictured as a combination of simple boron p orbitals

j&+++§“

Scheme 15 Interactions between the symmetry-adapted combinations of the 7 orbitals
of the BH,4~ ligands and the metal orbitals. For the sake of clarity, the 7 orbitals are
pictured as a combination of simple boron p orbitals
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and yz metal orbitals (Scheme 15). The three BH4~ groups act as a 6-electron
donor through their ) orbitals. The (3,3,3) structure can be described as
a6(o) +4(m)) + 6(mr) + 1(Ti) = 17-electron complex [118].

In structure 4, the three tetrahydroborate ligands are coordinated in a n?
mode, but the H,BH, planes are orthogonal to the MBs plane (this type
of structure is actually found for the Al(BH4)3 complex). In this structure,
noted (2*,2%,2*), o and 7 orbitals on the BH4~ ligands are involved, so that
6(0) + 6(r) ) = 12 electrons are given to the metal and the (2*,2*,2*) complex
is therefore a 12 + 1 = 13-electron one. Note that the experimental structure
(3,3,3) is a 17-electron one [116], which is the expected ideal electron count
for a d! complex.

3.2
Energy Ordering vs. Electron Count

The qualitative molecular orbital analysis described above allows assigning
an electron count to any structure. Quantitative ab initio and DFT calcu-
lations give the relative energies of the possible structures of a complex
depending on the BH4™ coordination mode. These calculations have estab-
lished that in most of the transition-metal tetrahydroborate complexes, there
is a clear relationship between the energy of the structure and the elec-
tron count around the metal, which depends on the coordination mode of
the BH4~ ligand. Two nice examples of systems which present different co-
ordination modes of the tetrahydroborate, despite having a similar set and
arrangement of the other ligands, serve to illustrate this argument.

In the series of zerovalent [M(CO)4(BH4)]™ (M = Ti, Cr, Mo) transition
metal borohydrides, the Cr and Mo complexes (d®) contain a bidentate boro-
hydride ligand [16], whereas the Ti compound (d*) contains a tridentate
borohydride ligand [90]. Calculations in these systems as well as in the d°

Table4 Electron count and relative energies (kcal/mol) of the n', n? and n* isomers in
the [M(CO)4(BH4)]™ (n=1, M = Ti, Cr, Mo; n =0, M = Mn) complexes

Ti? crb Mo Mn®
Electron Energy  Electron Energy  Electron Energy  Electron Energy
count  kcal mol™' count kcal mol! count kcal mol™! count  kcal mol™!

;71 14 31.1 16 22.7 16 214 16 24.3
;72 16 10.2 18 0.0 18 0.0 18 0.0
;73 18 0.0 20 19.4 20 15.0 20 14.4
2 [90]
b [16]

© [12]
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neutral parent Mn compound [12] give an energy ordering of the 3!, n?
and n’® isomers that is in agreement with the electron count. The structures
with a deficiency or excess of electrons regarding the ideal electron count are
found to be notably higher in energy.

The basic relationship between the coordination mode and the number of
electrons around the metal still applies in rather complicated systems such
as those with three BH,~ ligands. Complexes of general formula (MBHy4)3L,
have been characterised with scandium, titanium and vanadium. All the com-
plexes adopt distorted trigonal-bipyramidal geometry with the BH4~ ligands
at the equatorial positions (Scheme 16).

L Sc(lil) d° L=THF
H.B \“L_BH4 Ti(l) d' L= PMe;, PEt;, PMe,Ph
HsB W | V() d? L= PMes

L Ti(l) d? L= PMeyPh

Scheme 16 Experimentally characterised M(BH4)3L, complexes

The coordination modes of the tetrahydroborato ligands differ in these com-
plexes (X-ray diffraction) as shown in Scheme 17. In the scandium complex
(d%), two groups are n? and one n?, giving a (2,3,3) structure [112, 130]. The
structure of the titanium d' complex was initially described as (1,1,2) [135],
while that of the high-spin complex of vanadium (d3) is (2,2,2) [92, 105]. The
titanium (II) [Ti(BH4)3(PMe;Ph)]™ unit also has three bidentate BH,™ lig-
ands [131].

- s BH
T\ g TNF TN\s
S(f-:-— Bt Ti-: \B"“‘“ 5 \ S
) \ Ve \ S~
o/ o/ VAR
s A\ \
5 — B— B—H
/ / v
, ) 5 2,22
n*n’n’ n*nin’ nenen

Scheme 17 Lowest energy structures in M(BH,)3(PH3), (M = Sc, Ti, V) complexes

Using the analysis developed in Sect. 3.1 and taking symmetry restrictions
into account in order to obtain the proper electron count, it is possible to give
an electron count for each of the ten structures (from (1,1,1) to (3,3,3)) which
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differ in the coordination mode of the BH4™ ligands [106, 128, 137]. The rela-
tive energies as a function of the electron count of a selected set of structures
for the three complexes are depicted in Fig. 12.

In the diamagnetic d° scandium complex, the lowest energy structure (2,3,3)
is formally an 18-electron complex [137]. In the d? high-spin vanadium com-
plex, the ideal electron count is 16 and this number is attained for the most
stable (2,2,2) structure [106]. For the d! titanium complex, the ideal electron
number is 17 and the lowest energy structure (2,2,3) belongs to the 17-electron
species family [128]. There is a clear relationship between the energy of the
structure and the usual electron count around the metal which depends on the
coordination mode of the BH4™ ligands. As it can be appreciated in Fig. 12, the
energy increases with the deviation from the ideal electron count, and the larger
the deviation from this ideal number, the higher the energy.

The most stable structures calculated for the Sc(BH,4)3(PH3), and V(BHy)3
(PH3); complexes agree with the experimental data for the Sc(BHy4)3(THF),
and V(BH4)3(PMes), complexes. However, the theoretically predicted (2,2,3)
absolute minimum for the Ti(BH4)3(PH3); complex was in disagreement with
the experimental data of Ti(BH4)3(PMes),, which had been initially inter-
preted in terms of 1!, !, and n? coordination. The energy of the (1,1,2)
structure was calculated to be about 40 kcal/mol above the (2,2,3) minimum;
furthermore, the (1,1,2) structure was not even a local minimum on the po-
tential energy surface. Very recently, the nature of the BH4 binding modes

——S¢
K111 -e-V
70 1 \ ——Ti

0 T T T T o L = = L \g,3,3

10 11 12 13 14 15 16 17 18 19 20 21
Electron count

Fig. 12 Relative energies as a function of the electron count for a selected set of structures
of M(BH4)3(PH3), complexes (M = Sc, Ti, V) [106, 128, 137]
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in Ti(BH4)3(PR3); complexes has been reinvestigated [131]. The molecular
structure of Ti(BH4)3(PEt3),; and Ti(BH4)3(PMe,Ph), have been determined
using new methods that permit collecting diffraction data from thermally and
air-sensitive solids. These crystallographic studies clearly are consistent with
the theoretical results and led to reformulate the coordination modes for the
borohydrate ligands in the Ti(BH4)3(PR3), species as (2,2,3). These results
support the importance of electronic factors in determining the coordination
modes of tetrahydroborate ligands.

The electron count has been shown to be a powerful tool to analyze the prob-
lem of coordination mode in tetrahydroborate complexes. However, a more
detailed analysis of orbital interactions is required to explain why complexes
with the same electron number can have very different energies. First, a for-
mal 2-electron transfer from the BH,~ ligand to the metal is associated with
an interaction between a ligand orbital and a low-lying orbital on the metal.
This interaction can be stronger or weaker, depending on the overlap and the
energy gap between the interacting orbitals. A second point arises from the or-
bital interaction scheme which can differ for the same electron count. Finally,
electron counting does not take into account 4-electron interactions between
ligand orbitals and low-lying occupied orbitals of the metal fragment.

Although the prevalence of the electronic factor in the M-BHy interaction
has been demonstrated, electrostatic effects can’t be neglected. Lin et al. have
demonstrated the almost equal importance of both electronic and electrostatic
effects in [Y(thf)4(BHy),]* [113]. To maximize the electronic interaction be-
tween the metal atom and the two axial BH4~ ligands, both xz and yz orbitals
should be fully utilized in the metal-BH4™  bonding (Scheme 18). To achieve

-
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Scheme 18 Different coordination modes of the two BH,™ ligands in [Y(thf)(BH4)2]™:
a two n°; b two n? perpendicular to each other; ¢ two 1?2 parallel to each other
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this maximization, both BH4™ ligands are expected to coordinate to the cen-
tral atom either through a n*> mode (a) or through a 1> mode by having the
two bridging units perpendicular to each other (b) (Scheme 18). Structures a
and b have the same electron count and can achieve the optimal metal-BH4~
electronic interaction. Therefore, their energy difference (6.8 kcal/mol at the
CISD level) can be approximately considered as resulting from the different
electrostatic interactions between these two modes (n? and 1?). When the two
n? —BH,4~ ligands are parallel to each other (c), the two 7 orbitals from both
BH,™ ligands can only interact with one of the two d orbitals of the metal atom,
and thus the optimal electronic interaction is not satisfied. The energy differ-
ence between the two n? structures (b and c) (7.0 kcal/mol at the CISD level)
canbe viewed as the electronic interaction energy difference. Calculations have
shown that in the yttrium complex, the electronic and electrostatic stabiliza-
tions are of almost equal importance. The importance of electrostatic effects in
the metal-tetrahydroborate interactions have also been stressed in a theoretical
study of (PH3),Cu(BHy) (n = 1, 2, 3) complexes [138].

4
Terminal-bridging Hydrogen Exchange

Transition-metal tetrahydroborate complexes are often fluxional, and com-
monly a single resonance is observed for all of the four B—H hydrogens
in the 'H NMR spectrum at ambient temperatures, pointing out that a fast
intramolecular exchange on the NMR time scale of the terminal (t) and bridg-
ing hydrogens has taken place. The mechanisms proposed for the hydrogen
exchange involve a change on the coordination mode of the tetrahydroborate
ligand. For instance, for bidentate complexes, two different possible pathways
for bridge-terminal hydrogen permutation are possible: via a monodentate
BH," ligand (dissociative mechanism) and via a tridentate BH4™ ligand (as-
sociative mechanism) (Scheme 19).

. H H J*H
M \B"“““\\ H M/HﬁBu/ _— M \B...m\\\\ H
) Ny \”// He ) g
oy H* H
. H M, . H
M e \ \\\\\\ M_:_ ) _H*;"B—GH* M L7 \ \\\\\\
H/ T H\\\ H/ iy

Scheme 19 Dissociative (top) and associative (bottorn) mechanisms for the Hyridging/
Hierminal €Xchange in a (n? — BHy) ligand
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NMR measurements do not allow discrimination between the two ex-
change pathways. This has been possible with theoretical studies in which the
transition state for the hydrogen exchange has been located. In this section,
we will first present the experimental information available on the activation
barriers obtained from variable-temperature NMR measurements. Then, the
computational studies of these processes which have allowed the determin-
ation of the transition states for the exchanges will be revised and the possible
mechanisms will be discussed.

4.1
Experimental Data on Activation Barriers

The number of complexes for which the AG” have been determined from
NMR data is rather limited, making it difficult to establish clear trends
(Table 5). For many compounds, the exchange is too fast on the NMR time
scale to distinguish separate signals for the terminal and bridging hydrogens,
even at low temperatures. Compounds of Group 3 and 4 transition metals

Table5 AG7? (kcal/mol) for the Hbridging/Hterminal hydrogen exchange determined from
temperature-variable NMR measurements

Compound AG? Refs.
Cp, V(17%-BHy) 7.6 [68]
[V{(CsH4Bu)C,Me4(CsH,Bu) }(n?-BHy4)] 10.0 [72]
Cp2Nb(n?-BHy) 14.6 [146]
Cp;Nb(n?-BH,4) 16.4 [146]
Cp,Nb(n?-BH,4) 13.6 [78]
[Nb{(C5H,)CMe,(CsHy) }(n*-BHy)] 8.4 (72]
[Nb{(CsH4)Cet(CsHa) }(17>-BH,)] 8.6 (72]
[Nb{(C5H4)C(C5H10)(CsHy) }(n*-BHy)] 8.4 (72]
[Nb{(CsH4)C2Me4(Cs5Hy) }(n*-BHy)] 12.0 [72]
[Nb{(CsH,Bu)C,Me4(CsH4Bu) }(n>-BHy)] 11.8 [72]
[Nb{(CsH4)SiMe,(CsH4) }(n?-BHy)] 11.8 [72]
Ind,Nb(5?-BHy) 13.2 [147]
Cp*CpTa(n?-BHy) 16.4 [139]
[Mo(CO)4((n*-BH4)) 10.1 (55]
Co(n?-BHy)terpy 11.1 [148]
[Ti(CO)4((*-BHy))~ 8.8 (83]
Zr(n®-BHy)4 7.33 [149]
Hf(5>-BHy)4 8.12 [149]
(CsHyMe), Hf((n?-BHy), <49 [97]

2 Solid state NMR
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possess a clear-cut fluxionality. Only recently, individual signals from the ter-
minal and bridging hydrogens were observed and the activation energy was
determined for a titanium complex [83]. In addition, this is the only experi-
mental activation energy available for a tridentate tetrahydroborate group.
Tetrahydroborates of metal Groups 5-8 are much less fluxional than com-
plexes formed by Group 3 and 4 transition metals. For many of them, separate
signals for H; and Hj can be detected in low-temperature NMR spectra. In
several osmium and iridium complexes, the hydrogen exchange does not
proceed at a noticeable rate even at room or higher temperatures. On the con-
trary, for compounds of Group 11 metals, separate signals for bridging and
terminal hydrogens have not been identified.

The AG? values also suggest that the fluxionality of the tetrahydrobo-
rate complexes decreases upon passing from first-row transition metals to
second- or third row metals. This effect can be appreciated by comparing the
values for vanadium, niobium and tantalum metallocenes. Indeed, most of
the AG” values collected in Table 5 have been determined in niobium met-
allocenes. Substitution of Cp for the bulkier Cp* ligand increases the barrier,
pointing out that the fluxionality decreases with an increase in the size of
the ligand. On the contrary, the data in a series of ansa-bridged tetrahy-
droborate niobocene compounds indicate that the free energy barrier to
bridge-terminal hydrogen exchange is considerably reduced relative to the
non-bridged species when the ansa-bridge imposes a significant change in
geometry of the metallocene. The barrier decreases when the inter-ring angle
increases. Exchanges in complexes with more than one tetrahydroborate lig-
and appear to be faster, and very few experimental data are available for such
compounds.

4,2
Computational Studies of the Hydrogen Exchanges

Systems for which the terminal-bridging exchange has been theoretically
studied, with location and characterization of the corresponding transition
states, are presented in Table 6.

Calculated values are in very good agreement with the experimental ones
in complexes for which the experimental data are available. Calculations
also reproduce the trends along the periodic table discussed in the preced-
ing subsection. The low activation barriers obtained in the series of copper
complexes agree with the non- experimental detection of separate signals
for bridging and terminal hydrogens of Group 11 tetrahydroborate com-
plexes. The high barrier calculated in the osmium complex is also in ac-
cordance with the non- observance of H;/H; exchange, even at 360K in
OsH3(BHy4)(PPris), [15].

The comparison of the geometries of the located transition states and the
analysis of the transition vectors allow one to obtain a deeper insight into the
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Table 6 Computed energy barriers (kcal/mol) for the Hyridging/Hterminal €Xchange

Compound Minimum Transition AE7 Refs.
State
Cp,Nb(1?-BH,) n? 7 13.9; 154  [78,140]
[Nb{(CsH,)SiH2(CsHa) }(n?>-BH4)] 12 N 12.5 (140]
[Nb{(CsH4)CH2(CsHy) }(n*-BHy)] 1 N 8.5 [140]
[M(CO)4(n*-BH4)]~
M = Cr n? nt 15.6 [16]
M = Mo n? nt 13.1 [16]
M = Ti n n? 10.1 [90]
Cu(BH4)(PH3),
n=1 7 n? 2.5 [11]
n=2 n? 7 11.7 [11]
n=73 n'! n? 3.0 [11]
OsH3 (n*-BHy)(PH3), s n' 20.8 (15]
Ti(BHy)3 ) s ) 5.1 (18]

mechanism of the process. In complexes with a bidentate tetrahydroborate,
both dissociative (via n! transition states) and associative (via n* transition
states) mechanisms have been found. The mechanism for the hydrogen ex-
change in the Cp;Nb(n? — BHy) is depicted in Scheme 20. The exchange takes
place with an associative mechanism via a 1> — BH, transition state. Despite
that it has been proposed that the bridge-terminal hydrogen exchange in met-
allocene tetrahydroborate complexes involves a n° — 0> ring shift of one of the
cyclopentadienyls rings [72, 139], analysis of the eigenvalue associated with
the only imaginary frequency of the transition state structure shows that the
transition vector has no components in the Cp rings [78]. The reaction co-
ordinate is essentially the rotation around one of the B—H; bonds in the
minimum. Very similar transition states have been located for the exchange in
ansa-bridged tetrahydroborate niobocene complexes [140]. The same mech-
anism was found for the hydrogen exchange in Cu(n? - BH4)(PH3); [11, 12].

cp ¥y~ Ha cp e cp
\ W He 7, / \ \ \ WHe 7, /
- sy N Ho I(B'\ o o .y
VAR TR ST VAR TR N
cp cp Ha cp Ha

Scheme 20 Mechanism for the hydrogen exchange in Cp,Nb(n? — BH,) [78]

In the (n? — BHy) complexes [M(CO)4(n? — BHy)]™ (M = Cr, Mo) and OsH3
(n? = BH4)(PH3), the hydrogen exchange occurs via a dissociative pathway.
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The transition states can be described as monodentate BH4 complex-like
structures, with only one bridging hydrogen atom [14-17]. Despite the tran-
sition states for the hydrogen exchange in this set of bidentate transition
metal tetrahydroborate complexes have been labelled as n* or 1!, it must be
stressed that the transition state structures do not fit into the idealized n! or
n? coordinations with Cs, local symmetry for the M — BH, fragment. Indeed,
all the transition states present a similar arrangement of the M-BH4 unit, with
one bridging hydrogen and two at distances intermediate between 1! or n?

coordinations (Scheme 21).
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Scheme 21 Transition state geometries for the bridge-terminal hydrogen exchange in

n? — BH; complexes

These structures can be described either as distorted 1> complexes with
one bridging hydrogen much closer to the metal than the other two, or as
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strongly nonlinear 1! complexes, depending on how far from the metal that
the two weakly further H; atoms are. Calculations performed by Ariafard
et al. on the activation volumes support a dissociative mechanism for the
hydrogen exchange in [M(CO)4(n?—BHy)]~ (M = Cr, Mo) [16, 17].

The mechanism found for the exchange of bridging and terminal hydrogen
transition state

in complexes containing one 1’ tetrahydroborate involves a 12

(Scheme 22) [11].
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Scheme22 Mechanism for the exchange of bridging and terminal hydrogens in
Cu(n’ - BH,)(PH3) [11]

The only n!-BH; complex for which the hydrogen exchange has been
studied also shows a n? transition state. In this case, the reaction coor-
dinate can be mainly described as the rotation around the M.--B axis

(Scheme 23) [11].
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Scheme23 Mechanism for the exchange of bridging and terminal hydrogens in
Cu(n' — BH4)(PH3)3 [11]

Mechanisms for the hydrogen exchange in complexes with more than one
BH, ligand are more complicated and have been less studied. For these sys-
tems, other structures, in addition to the absolute minimum, fulfil the optimal
electron count number. These structures, usually not very high with respect
to the most stable one, are providing low energy routes for the terminal-
bridging exchange. This point has been demonstrated in a thorough study
of the coordination modes of the tetrahydroborate ligand in Ti(BHy4)3 [118].
In this d' complex the absolute minimum adopts a Cs;, (n°, 13, n*) struc-
ture which corresponds to an ideal 17-electron count [118]. Another structure
(%, n3, n®) with the bidentate ligand orthogonal to the TiB3 plane (structure
(2*,3,3) is also a 17-electron complex. This low-energy structure (2%,3,3) al-
lows an easy exchange mechanism between bridging and terminal hydrogen
atoms with an activation energy of only 5.1 kcal/mol (Scheme 24).
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Scheme 24 Mechanism for the exchange between bridging and terminal hydrogens in
Ti(n® - BHy) [118]

The scope of dynamic intramolecular processes involving the coordinated
terahydroborate is not limited to the bridge-terminal hydrogen exchange. In
addition to the H,/H; exchange, complexes with several 1> — BH, ligands ex-
hibit a reach dynamics related to the fast rotation of the n* groups. For instance,
in Ti(n> — BHy4)3 an activation energy of only 1.3 kcal/mol has been computed
for the concerted rotation of the three n* groups (Scheme 25) [118]. The en-
ergy barriers for the concerted rotation of the four BH4 groups into a staggered
orientation of M(n? — BHy)4 (M = Ti, Zr, Hf) are also very low [127].

min. TS min.

Scheme 25 Concerted rotation of the three 1> — BHy ligands in Ti(n? — BH,) [118]

It has also been shown that rapid hydrogen exchange can occur be-
tween BH4™ and other ligands coordinated to transition metals. The exis-
tence of an intramolecular exchange process between the bridging hydrogen
atoms of a BH4™ ligand and a hydride ligand has been postulated for the
Cp2ZrH(1r]2 —BHy) [150] and OsH3(n? — BH4)(P(c — C5Hyg)3)2 complexes [8].

The feasibility of such a process was demonstrated in OsH3(n? —BHy)
(P'Pr3), and the theoretical study unravelled the mechanism of the H(hy-
dride)/H(tetrahydroborate) exchange [14, 15]. The bridging tetrahydroborate
hydrogen is first transferred to the metal, leading to a OsH4(BH3)(PR3);
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Scheme 26 Mechanism of the exchange process between the bridging hydrogens of the
BH4" ligand and a hydride ligand in OsH3(n? — BHy)(PR3), [8]
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intermediate. This 7-coordinate intermediate contains a BH3 ligand coordi-
nated in a 12 H — B fashion (Scheme 26)

The calculated energy barrier (19.0 kcal/mol) is in reasonable agree-
ment with the experimentally measured AG” for the osmium complex
(13+£2 kcal/mol) and also close to the value of 20.9 kcal/mol measured for
CPZZrH(nZ—BH4) [150]. It must be pointed out that in OsH3(n? —BHy)
(P'Pr3),, the H(hydride)/H(tetrahydroborate) exchange takes places with
a lower barrier than the Hyridging/Hterminal €Xxchange, which is not directly
observed in the NMR spectra in the range of investigated temperatures [15].

5
Summary and Perspectives

This contribution has reviewed two basic aspects of the chemistry of tetrahy-
droborate transition metal complexes: the bonding modes and the hydrogen
exchange dynamics. First, the structurally characterised mononuclear transi-
tion metal tetrahydroborate complexes have been classified according to the
coordination geometry of the metal. Then, the metal-boron distances and the
vibrational features of the coordinated borohydrides — which are the key ex-
perimental data usually used to determine the hapticity of tetrahydroborate
binding in transition metal complexes - have been surveyed. Detailed ana-
lyses of the metal-boron distance in the X-ray characterised complexes have
allowed relating distances and coordination modes and establishing trends
along the periodic table. In addition, the influence of ligand effects in the
M - B distances have been recognized. The difficulties and limitations in uni-
vocally assigning the coordination mode of the tetrahydroborate with the
experimental information available, especially in complexes with more than
one BH,™, have been illustrated. Several examples of wrongly assigned com-
plexes which can be found in the literature have been reported.

Theoretical studies summarized in Section 3 have shown that electronic
factors are prevalent in determining the coordination mode of the tetrahy-
droborate ligands. These factors have been rationalized by means of simple
orbital interaction arguments further supported by quantitative calculations
which have given the relative energies of the possible structures of a complex,
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depending on the BH4~ coordination mode. However, the importance of elec-
trostatic and steric effects in the metal-tetrahydroborate interactions has only
begun to be recognized. Further theoretical studies separating and quantify-
ing electronic, electrostatic and steric effects on the M — BH4 bonding should
help to clarify this point.

The analysis of the dynamic phenomena associated with the exchange
between bridging and terminal hydrogens of the coordinated BH4~ ligands
constitutes the last section of this contribution. Initially, the exchange free
energy barriers determined from temperature-variable NMR measurements
have been collected. The limited number of experimental values available
draws difficult extracting conclusions regarding trends in barriers and factors
affecting them. Several detailed theoretical studies exist on the mechanism
which has proven that the Hyridging/Hterminal €xchange involves a change on
the coordination mode of the tetrahydroborate ligand. The process entails the
sequential breaking and forming of M — H — B bridges at a usually low energy
cost and could have important consequences in the reactivity of coordinated
terahydroborates. Further computational studies of the processes of rupture
of M—HB and H - B bonds are required in order to get a deeper insight on
the dynamic properties of tetrahydroborate complexes.

Most of the experimental data discussed in this contribution were reported
in the eighties and early nineties. It may seem that almost all have already
been done in transition metal tetrahydroborate chemistry, but this is not the
case. Borohydride chemistry is still a very active field of research. As recent
examples illustrating a renewed interest in the field can be cited, such as the
preparation of thermally stable tetrahydroborate complexes with nickel [89]
and iron [151] transition metals, and the characterization of paramagnetic
iron [15] and nickel [13, 152] borohydride complexes. In addition, some in-
triguing questions concerning M-BH4 bonding have emerged. Short M — B
distances observed together with theoretical analysis of bond orders in sev-
eral n* — BH, structures support a substantial bonding interaction between
the metal and boron nuclei, suggesting the description of the binding as a n*
interaction [151]. In complexes with hydride ligands, the possible existence of
M - H-boron interactions entailing hypercoordinate boron centres have been
pointed out and octahedral BHg supported through M — H — B bridges have
been described [153, 154].

In recent years, emphasis has also been put on controlling the reactivity
of tetrahydroborate complexes. In this way, the use of the tetrahydroborate
ligand as a “gate-keeper” and protected hydride ligand in catalytic reaction
sequences have been investigated [1,155]. A M —HB bridge can be broken
at a low energy cost, as indicated by the low energy barriers determined
for the hydrogen exchange processes. A n?-bonded tetrahydroborate ligand
can, by switching to the n!-bonding mode, create a vacant coordination
site for the uptake of an organic substrate or other reactant. It has been
demonstrated that it is possible to perform such processes with nucleophiles,
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avoiding the abstraction of BH; [156]. Quantitative calculations of the metal-
tetrahydroborate bonding energies, which are still lacking, should allow the
comparison of the bonding energy of a BH,™ ligand with that of common
organometallic ligands, assisting with the design of more efficient systems.
Computational studies of the reactivity of BH4~ ligands, which are also still
scarce, will also contribute to a better understanding of the reaction mechan-
isms, allowing an improved control of the reactivity. Significant advances in
tetrahydroborate chemistry can be expected in the near future.
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